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INTRODUCTION 


A.  Background 

During  the  summers  of  1977  and  1978,  the  Defense  Nuclear  Agency  sponsored 
experimental  programs  at  Kwajalein  Missile  Range.  The  purpose  of  these  pro¬ 
grams  was  to  launch  an  instrumented  rocket  payload  into  the  equatorial  iono¬ 
sphere  to  make  in-sitc  measurements  in  conjunction  with  Wideband  satellite  mea¬ 
surements.  Because  of  rocket  system  failures,  the  rocket-borne  experiments 
failed  in  both  campaigns. 

In  the  summer  of  1978,  DNA  sponsored  a  High-Altitude  Nuclear  Weapons  Ef¬ 
fects  Summer  Study  at  Los  Alamos,  New  Mexico.  The  study  provided  a  forum  so 
that  researchers  could  work  collectively  on  problems  associated  with  propaga¬ 
tion  through  ionospheric  environments  that  high-altitude  nuclear  explosions 
might  produce.  The  proceedings  of  this  summer  study  contain  the  recommenda¬ 
tions  of  the  Field  Experiments  Working  Group.  They  recommended,  in  part,  that 
during  the  months  of  July  and  August  1979,  a  series  of  heavily  instrumented 
rockets  be  fired  from  Kwajalein  through  the  equatorial  backscatter  plumes. 

This  experiment  was  carried  out,  and  these  proceedings  contain  the  results  of 
data  analysis  compiled  through  July  1980. 

B.  The  Experiment 

The  experiment  consisted  of  two  instrumented  rocket  payloads  that  were 
to  be  fired  into  a  fully  developed  F-region  "plume,"  or  depleted  region.  The 
payload,  depicted  in  Figure  1,  consisted  of  an  ion  mass  spectrometer,  a  pair 
of  pulsed  plasma  probes,  an  E-field  sensor,  and  a  multifrequency  beacon.  In 
addition  to  this  primary  instrumentation  in  the  payload,  tnere  was  a  C-band 
tracking  beacon,  telemetry,  and  an  attitude  control  system.  The  rocket  system 
was  a  Terrier-Malemute  two-stage  sounding  rocket,  which  was  designed  to  fly  the 
instrumented  payload  to  an  altitude  of  600  km. 

The  ALTAIR  radar  was  used  to  locate  and  track  the  plumes,  thus  providing 
the  information  necessary  to  make  launcher  settings  and  to  launch  the  rockets. 
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In  addition  to  the  ALTAIR,  the  TRADEX  rad?r  was  used  to  look  for  L-band  scin¬ 
tillations,  an  ionosonde  was  operated  to  measure  the  general  characteristics  of 
the  ionosphere,  and  a  Fabry-Perot  interferometer  was  used  to  measure  neutral- 
wind  motions. 

The  rockets  were  launched  on  an  azimuth  of  28°  true,  because  that  was  the 
only  safe  direction  of  fire.  Fortuitously,  this  azimuth  provided  a  favorable 
geometry  because  of  the  easterly  drift  of  the  plumes.  Figure  2  shows  the 
rocket  safety  zone. 

C.  Launch  Operations 

The  first  rocket  was  launched  from  the  Roi  Namur  launch  facility  at 
1231:30  UT  on  17  July  1979.  All  experiments  onboard  the  rocket  functioned  and 
telemetry  data  were  excellent.  The  MPS-36  radars  did  not  acquire  the  C-band 
beacon,  and  no  metric  data  were  obtained.  The  rocket  trajectory  was  plotted, 
however,  based  on  telemetry  antenna  pointing  angles  and  a  brief  appearance  of 
the  rocket  in  the  ALTAIR  beam.  The  payload  penetrated  an  extremely  active  re¬ 
gion  of  the  ionosphere. 

The  second  rocket  was  launched  at  0957:30  UT  on  23  July  1979.  Excellent 
telemetry  data  were  obtained,  and  metric  tracking  was  accomplished  for  the 
duration  of  the  flight.  The  payload  failed  to  separate  from  the  second  stage 
rocket,  severely  compromising  this  mission.  The  multifrequency  beacon  antenna 
was  not  exposed,  and  this  experiment  failed,  as  a  result.  The  aft  E-field 
oooms  could  not  deploy;  however  data  were  obtained  on  the  front  booms.  The 
payload  tumbled  because  the  presence  of  the  burned-out  second  stage  caused  a 
large  error  in  the  location  of  the  center  of  gravity.  Data  were  obtained  on 
the  plasma  probe  and  mass  spectrometer  experiments,  but  interpretation  was  dif¬ 
ficult  because  of  the  lack  of  the  stable  platform  reference. 

D.  Participation 

Responsibilities  in  this  program  were  as  follows: 

Rockets,  payload  integration--Sandia  National  Laboratories 
Multifrequency  beacon — SRI  International 
Pulsed  plasma  probe — Naval  Research  Laboratory 
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Mass  spectrometer — Air  Force  Geophysical  Laboratory 
Ionosonde--SRI  International 
ALTAIR/TRADEX  radars--SRI  International 

Fabry-Perot  interf erometer--SRI  International,  University  of 

Pittsburgh 

Overall  planning  and  coordination--SRI  International 
Range  support--Kwa jalein  Missile  Range. 

This  experiment  was  carried  out  under  the  sponsorship  of  the  Defense 
clear  Agency. 
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ROCKET  RF-BEACON  EXPERIMENT  FOR  THE 
SUMMER  1979  KWAJALEIN  CAMPAIGN 

Juris  Petriceks 
Radio  Physics  Laboratory 
SRI  International 
Menlo  Park,  CA  94025 


ABSTRACT 

SRI  International  fielded  the  RF-Beacon  Experiment  during 
the  Summer  1979  Kwajalein  Campaign.  The  rocket  payload  equip¬ 
ment  consisted  of  a  four-frequency  phase-coherent  beacon  and  a 
broadband  circularly  polarized  antenna.  The  receiving  antenna 
was  located  almost  at  the  foot  of  the  rocket  trajectory.  A 
phase-locked  receiver  and  digital  data-acquisition  system  col¬ 
lected  amplitude  and  dispersive-phase  data. 

Subsequently,  the  data  were  converted  from  a  temporal  grid 
to  a  spatial  grid  and  then  detrended  to  separate  the  slow  trend¬ 
like  variations  from  the  more  rapid  scintillation-like  variations. 
The  filtered  output  >  50  km)  of  the  upleg  dispersive-phase 
data  was  used  to  estimate  the  large-scale  electron  density  struc¬ 
ture.  The  detrended  <  50  km)  phase  and  amplitude  data  were 
analyzed  to  characterize  the  structure  of  the  equatorial  spread- 
F  ionosphere.  The  characterization  was  in  terms  of  the  inten¬ 
sity  scintillation  index,  S^,  the  phase  scintillation  index, 
a  ,  and  the  phase  spectral  strength  and  slope  (index),  T  and 
p^,  respectively. 

The  results  of  the  data  analysis  are  discussed  in  the 
companion  report  entitled,  "A  Comparative  Analysis  of  Equa¬ 
torial  Irregularity  Structures  as  Measured  by  Wideband, 

AE-E,  and  In-Situ  Rocket  Probes,"  by  C.  L.  Rino,  R.  C. 

Livingston,  and  J.  Petriceks. 


I  INTRODUCTION 

Radio  beacon  propagation  experiments  have  been  performed  many  times. 
The  Summer  1979  Kwajalein  Campaign  presented  an  opportunity  to  use  spare 
beacons  from  the  SECEDE  II  program  in  a  unique  geometry.  Section  III  de¬ 
scribes  the  background,  concept,  and  objectives  of  this  experiment. 
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The  RF-Beacon  Experiment  was  conducted  in  two  phases.  The  first 
phase  dealt  with  data  collection.  In  preparation  for  data  collection, 
the  hardware  was  procured,  assembled,  and  tested;  the  rf  beacon  and  the 


transmitting  antenna  were  integrated  into  the  rocket  payload;  and  the 
receiving  equipment  was  installed  on  Roi-Namur  Island.  The  launch  of 
the  first  payload  was  successful  and  resulted  in  a  good  data  set.  Sec¬ 
tion  IV  describes  the  data  collection  phase. 

The  second  phase  dealt  with  data  analysis.  In  preparation  for  data 
analysis  the  collected  data  were  reviewed  and  equipmental  effects  were 
removed;  the  data  were  converted  from  an  equally  spaced  temporal  grid 
onto  an  equally  spaced  spatial  grid;  and  the  data  were  partitioned  by 
using  a  sharp-cutoff  digital  filter  to  separate  slow  trend-like  varia¬ 
tions  from  scintil lation- like  variations.  Section  V  describes  the  process 
of  data  preparation  for  analysis. 

Subsequently,  the  slow  trend-like  variations  of  the  dispersive-phase 
data  were  used  to  derive  large-scale  electron  density  variations  as  a 
function  of  altitude.  The  scintil lation- like  phase  and  amplitude  data 
were  used  to  describe  the  equatorial  spread-F  ionosphere  in  terms  of 
scintillation  indices  and  spectral  parameters.  Section  VI  describes  the 
data  analysis  effort. 


II  EXPERIMENT  DESIGN 


A.  Background 

In  1971  SRI  fielded  an  rf-beacon  experiment  in  conjunction  with  the 
SECEDE  II  barium  release  series.  A  rocket  was  launched  carrying  a  multi- 
frequency  beacon  behind  a  barium  cloud  as  seen  from  receiving  stations 
at  fixed  locations  on  the  ground.  The  ground-based  receivers  measured 
amplitude  fluctuations  and  dispersive  phase  of  the  received  signals. 

The  dispersive  phase  was  measured  by  using  the  highest  transmitted 
frequency  signal  as  a  reference.  From  'he  dispersive  phase  the  total 
electron  content  was  obtained.  Extraction  of  electron  density  profiles 
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from  the  dispersive-phase  data  was  considered  a  by-product  of  the  SECEDE 
II  results. 


For  the  summer  1979  Kwajalein  campaign  the  rf-beacon  experiment 
geometry  was  designed  to  give  the  electron  density  profile  as  a  primary 
result.  The  rocket  carrying  the  instrument  payload  was  launched  with  a 
take-off  angle  of  less  than  10°  from  vertical.  To  take  advantage  of 
this  trajectory  the  ground-based  coherent  receiver  and  data  acquisition 
system  were  located  near  the  rocket  launch  pad. 


The  experiment  geometry  assured  that  during  the  rocket  upleg  trajec¬ 
tory  the  beacon  signal  path  remained  unchanged  except  for  an  incremental 
increase  in  the  payload  altitude  as  a  function  of  time.  Because  dispersive 
phase  is  related  to  the  integral  of  electron  density  as 


where  r  is  the  classical  electron  radius,  \  is  the  measurement  wavelength, 

e 

v  is  the  rocket  velocity,  which  lies  essentially  along  the  propagation 
path,  is  the  electron  density,  and  f^  is  the  reference  frequency. 
Clearly,  the  differentiation  of  the  dispersive  phase  with  respect  to 
distance  will  yield  the  electron  density  along  the  payload  trajectory. 

The  onlv  assumption  involved  in  so  deriving  the  electron  density  is 
that  the  ionosphere  remains  t ime- invar ian t  along  the  path  for  the  dura¬ 
tion  of  the  measurement. 

In  addition  to  the  phase  effects,  which  could  be  converted  into 
electron  density  profiles  to  the  extent  that  the  intervening  ionosphere 
is  time-invariant,  patchy  or  localized  plasma  disturbances  could  ue  de¬ 
tected  by  phase  and  amplitude  fluctuations.  The  size  of  the  amplitude 
fluctuations  relative  to  the  phase  fluctuations  depends  upon  the  location 
of  the  perturbing  region  along  the  signal  path--it  is  largest  when  the 
region  is  half-way  along  the  path  and  tends  to  go  to  ;ei  a:  the  ends. 
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Thus  the  rf-beacon  measurements  could  yield  the  electron  density 
along  the  rocket  payload  upleg  trajectory  and  could  detect  both  in-situ 
and  remote  electron  density  fluctuations.  It  also  could  provide  some 
information  concerning  the  location  of  the  fluctuations. 

C.  Ob  j  ectives 

The  RF-Beacon  Experiment  had  two  main  objectives.  One  was  to  obtain 
an  accurate  profile  of  electron  density  along  the  rocket  upleg  trajectory 
and  to  estimate  the  time-invariance  of  the  electron  density.  The  other 
was  to  measure  the  amount  of  amplitude  and  phase  scintillation  owing  to 
the  disturbed  plasma  regions  penetrated.  On  the  downleg  trajectory  the 
measured  amount  of  scintillation  could  be  used  to  estimate  the  location 
of  scintillation  producing  regions,  which  need  not  necessarily  be  pene¬ 
trated  by  the  rocket  payload. 

In  addition,  both  the  electron  density  and  scintillation  measure¬ 
ments  would  be  compared  with  results  obtained  by  in-situ  probes.  As 
these  results  were  being  compared,  it  became  clear  that  the  rf-beacon 
measurements  could  provide  valuable  information  about  the  time-variant 
ionosphere  along  the  rocket  upleg  trajectory. 


Ill  DATA  COLLECTION 

A.  Hardwa  re 

The  basic  equipment  for  this  experiment  consisted  of  a  four- frequency 
radio  beacon  and  transmitting  antenna  onboard  the  rocket  payload  and  a 
receiving  antenna,  receiver,  and  data  acquisition  system  on  the  ground. 
Because  this  experiment  was  based  on  the  same  measurement  techniques  as 
the  rf  propagation  experiment  carried  out  by  SRI  during  the  SECEDE  II 
program  most  of  the  equipment  was  already  on  hand.  However,  new  trans¬ 
mitting  antennas  had  to  be  procured  because  of  the  geometrical  orienta¬ 
tion  of  the  rocket  payload  relative  to  the  receiving  site.  Similarly, 
the  data  acquisition  system  had  to  be  adapted  to  record  digital  data  in 
the  field. 
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Rocket  Pay  Load  Equipment 

The  radio  beacon  signals  were  coherent  in  the  ratios  1:2:3:6. 

The  emitted  power  levels  and  frequencies  were  1  W  at  145.7644  MHz  and 
2  W  each  at  291.5288,  437.2932,  and  874.5864  MHz.  A  four-way  power  com¬ 
biner  was  used  to  feed  the  transmit  antenna. 

Because  the  receiving  site  was  at  the  foot  of  the  rocket  tra¬ 
jectory,  the  transmitting  antenna  had  to  have  the  main  beam  centered 
along  the  long  axis  of  the  rocket  payload.  To  avoid  using  an  antenna 
(antennas)  that  would  have  to  be  deployed  or  would  be  attached  permanently 
to  the  exterior  of  the  payload  body,  we  used  a  cavity  backed  spiral  an¬ 
tenna  that  could  be  mounted  at  the  base  of  the  payload.  Figure  1  is  a 
photograph  of  the  payload,  including  the  beacon  antenna.  The  antenna 
was  designed  to  have  a  70°  3-dB  beamwidth  and  sufficient  bandwidth  to 
cover  all  four  beacon  frequencies. 

2.  Ground~Based  Equipment 

The  receiving  antenna  was  a  cross  log  periodic  that  covered 
the  beacon  frequency  band  and  had  a  70°  3-dB  beamwidth.  The  antenna 
output  was  fed  to  a  distribution  network  and  then  branched  into  separate 
low-noise  amplifiers  for  each  beacon  frequency. 

The  dispersive-phase  and  amplitude  measurement  receiver  con¬ 
sisted  of  down-converters,  multichannel  tracking  filters,  and  a  fre¬ 
quency  synthesizer.  A  Large  amount  of  measurement  redundancy  had  been 
built  into  the  equipment.  Either  the  874-  or  437-MHz  signal  could  be 
used  as  the  reference  for  the  dispersive  phase  measurements.  Also  any 
of  the  lower- frequency  to  reference-frequency  signal  pairs  provided  the 
desired  dispersive  phase  measurement. 

The  digital  data  acquisition  system  consisted  of  a  multiplexer, 
analog-to-digital  converter,  interface,  minicomputer,  and  digital  tape 
deck.  A  system,  previously  used  in  the  MISERS  BLUFF  program,  was  made 
available  and  adapted  for  use  in  this  experiment.  To  provide  some  re¬ 
dundancy,  an  anaLog  tape  deck  was  included  in  the  data  acquisition 
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FIGURE  1  ROCKET  PAYLOAD 


system  for  recording  the  amplitude  and  dispersive  phase  data  signals 
prior  to  analog-to-digital  conversion. 

B.  Fielding 

The  radio  beacon,  power  combiner,  and  transmit  antenna  were  inte¬ 
grated  into  the  rocket  payloads  by  Sandia  Laboratories.  At  Sandia  checks 
were  conducted  to  insure  that  no  cross-experiment  interference  would 
occur  in  the  payload.  Similarly,  all  time-sequencer  and  telemetry  sig¬ 
nals  were  cnecked  to  insure  proper  operation  of  all  four  experiments 
aboard  the  payload. 

The  rf-beacon  ground-based  equipment  was  installed  in  the  Launch 
Operations  Control  Building  (LOCB)  on  Roi  Namur  Island.  The  LOCB  is 
located  &  100  m  from  the  payload  assembly  building  and  the  rocket  launch 
pad.  The  cross  log  periodic  antenna  was  placed  on  the  roof  of  the  LOCB 
and  aligned  with  the  upleg  portion  of  the  planned  rocket  trajectory. 

To  verify  the  operation  of  the  RF-Beacon  Experiment  equipment  the 
radio  beacon  was  activated  to  emit  0.1  mW  at  each  of  the  four  frequencies. 
The  rocket  payload  assembly  building  had  sufficient  openings  to  let  some 
of  the  signal  leak  out.  The  proximity  of  the  LOCB  and  the  placement  of 
the  receiving  antenna  resulted  in  the  necessary  signal  strength  to  check 
the  performance  of  the  receiver. 

C.  Operations 

On  rocket- launch  count  down  days  further  experiment  verification 

was  performed.  When  pad  operations  did  not  require  radio  silence,  the 

rf  beacon  was  activated  and  the  performance  of  the  receiver  was  checked. 

When  the  count  down  reached  T  -  20  min,  the  receiver  was  calibrated  and 

o 

the  calibration  data  was  recorded. 

On  17  July  1979  at  12:30:30  UT  the  first  rocket  lifted  off.  At 
T  +  55  s  payload  separation  from  the  second  stage  occurred  and  6  s 
later  the  rf  beacon  was  switched  to  high  power  output.  Immediately 
thereafter  the  rf-beacon  signals  were  received  and  dispersive-phase  and 
amplitude  data  recording  was  started. 
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All  four  frequency  amplitude  signals  were  recorded.  The  three 
lowest  frequency  beacon  signals  of  the  dispersive  phase  were  recorded 
with  the  highest  frequency  signal  serving  as  the  reference.  Because  two 
quadrature  components  needed  to  be  measured  to  resolve  the  signal  phase, 
a  total  of  ten  data  channels  had  to  be  recorded.  In  addition  time  code 
generator  output  was  also  recorded.  Figure  2  shows  a  sample  output  of 
amplitude  and  one  of  the  phase  quadrature  signals  at  each  of  the  three 
lowest  frequencies.  The  data  were  sampled  and  recorded  at  the  rate  of 
500  samples  per  second.  The  sampling  rate  was  more  than  adequate  for 
the  150-Hz  loop  bandwidth  of  the  phase-locked  receiver. 

The  signal-to- noise  ratio  for  all  four  received  signals  was  designed 
to  be  between  40  and  20  dB  for  the  expected  range  of  130  to  600  km  from 
the  payload  to  the  receiver.  Both  the  transmitting  and  receiving  an¬ 
tennas  had  3-dB  beamwidths  of  70°.  The  broad  beamwidths  assured  that  any 
payload  attitude  variation  would  not  be  translated  into  received  signal 
amplitude  variations.  Furthermore  the  70°  beamwidth  guaranteed  adequate 
signal  strength  until  the  payload  reached  the  troposphere  and  disinte¬ 
grated.  The  received-signal-strength  measurement  validated  the  design. 
The  rf-beacon  signals  were  not  lost  until  Tq  +  814  s  when  the  payload 
was  at  an  altitude  of  ss  22  km  and  at  a  range  of  «  272  km.  After  loss  of 
data  signals  another  receiver  calibration  was  done. 

The  second  rocket  lift-off  occurred  on  24  July  1979  at  09:57:30  UT. 
However,  the  payload  separation  from  the  second  stage  did  not  occur.  As 
a  result  of  this  failure  the  rf-beacon  experiment  transmitting  antenna 
aboard  the  payload  was  not  uncovered  and  no  beacon  signals  were  received. 


IV  DATA  ANALYSIS  PREPARATION 


A.  Verification 

The  raw  phase  and  amplitude  records  were  reviewed  for  obvious  equip¬ 
ment  malfunction  effects.  This  was  done  most  conveniently  by  displaying 
the  amplitude  data  for  the  four  beacon  signals  and  the  dispersive-phase 
data  for  the  three  lowest  frequency  beacon  signals.  Figure  3  shows  the 
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FIGURE  2  RAW  DATA  SAMPLE 
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amplitude  data  at  874,  437,  291  and  145  MHz.  The  data  displayed  has  had 
the  slow  trend-like  amplitude  variation  removed.  Figure  4  shows  the  dis¬ 
persive  phase  data  at  437  and  291  MHz.  Again  the  slow  trend-like  phase 
variation  has  been  removed.  The  only  equipment  effects  observed  are  in 
the  291  MHz  phase  data  near  the  range  of  550  km.  Cycle  slippage  can 
occur  in  the  phase-locked  loop  when  deep  amplitude  fades  are  encountered. 

Statistical  analysis  of  the  six  channels  of  phase  data  revealed 
small  biases  and  gain  nonlinearities  in  all  six  channels.  The  bias  and 
nonlinearity  effects  were  removed  from  the  data. 

Another  effect,  which  was  removed  from  the  data,  resulted  from  the 
spin  of  the  payload.  Each  revolution  of  the  payload  introduced  360°  of 
phase  at  all  four  frequencies.  However,  the  desired  dispersive-phase 
measurement  is  linear  with  wavelength.  Therefore,  before  the  dispersive 
phase  was  processed  that  part  introduced  by  the  payload  spin  had  to  be 
removed.  With  the  spin  rate  provided  by  Sandia  Laboratories,  the  phase- 
data  correction  was  a  straightforward  matter. 

B.  Temporal- to-Spat ial  Conversion 

The  data  were  recorded  at  a  constant  rate  of  500  samples  per  second. 
Because  the  payload  velocity  varied  as  a  function  of  time  the  spatial 
sampling  rate  was  not  constant.  To  simplify  the  derivation  of  electron 
density  as  a  function  of  height  the  data  were  converted  from  an  equally 
spaced  temporal  grid  onto  an  equally  spaced  spatial  grid.  This  conversion 
was  also  necessary  to  avoid  introducing  any  effects  from  the  changing 
velocity  into  the  data  spectral  analysis. 

To  simplify  the  temporal-to-spatial  conversion  we  developed  an  ana¬ 
lytic  expression  to  fit  the  payload  trajectory  data  supplied  by  Sandia. 
Fitting  of  an  analytic  ballistic  trajectory  expression  to  the  trajectory 
data  (starting  at  the  end  of  the  second  stage  burn)  did  not  give  satis¬ 
factory  results.  Subsequently,  a  trial  and  error  method  of  compressing 
the  time  scale  resulted  in  the  use  of  an  effective  time  in  the  analytic 
expression,  which  is  related  to  the  true  time,  as  follows 
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The  reason  for  the  apparent  time  contraction  could  be  the  regular  firing 
of  the  payload  attitude  control  jets.  Figure  5  shows  the  match  in  pay- 
load  heights  as  given  by  the  analytic  trajectory  expression  and  the  tra¬ 
jectory  data  supplied  by  Sandia.  A  positive  deviation  from  zero  indi¬ 
cates  an  overestimation  of  the  height  by  the  analytic  expression. 

A  computer  program  was  then  written  to  interpolate  the  equally 
spaced  temporal  grid  data  onto  an  equally  spaced  spatial  grid.  The 
spatial  sampling  rate  used  was  100  samples  per  km.  Because  the  payload 
velocity  varied  between  3  km/s  and  0.3  km/s  the  data  conversion  process 
was  essentially  a  decimation  process. 


C.  Detrending 

To  separate  the  slow  trend-like  features  of  phase  and  amplitude 
variation  from  the  fast  scintillation-like  variations  the  data  were  de¬ 
trended  using  a  digital  filter  with  a  50-km  cutoff.  The  effect  of  the 
detrending  process  was  to  preserve  in  the  detrended  data  all  fourier 
components  with  spatial  wavelengths  shorter  than  50  km.  As  an  example, 
Figure  6  shows  the  raw,  filtered,  and  detrended  phase  data  of  the  437- 
MHz  channel.  Figure  7  shows  the  same  components  of  the  amplitude  data 
for  the  same  channel. 

Some  of  the  data  channels  were  also  detrended  using  filters  with 
20-km,  10-km,  and  1-km  cutoffs. 


V  DATA  ANALYSIS  RESULTS 


A.  Electron  Density 

The  dispersive-phase  measured  is  proportional  to  the  integrated 
density  along  the  propagation  path.  If  we  assume  that  the  ionosphere 
along  the  measurement  path  is  time-invariant,  electron  density  can  be 
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FIGURE  5  HEIGHT  DIFFERENCE  OF  ANALYTIC  AND  RADAR-DERIVED 
TRAJECTORIES 
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FIGURE  7  AMPLITUDE  DATA 


437  MHz  (Raw,  Filtered,  and  Detrended) 


derived  by  differentiating  the  dispersive  phase,  corrected  for  the  finite 
reference  frequency,  with  respect  to  distance  as 


N 

c 


=  M  1 

Az  r  \ 


(2) 


where  r  is  the  classical  electron  radius  and  X  is  the  measurement  wave- 
e 

length  [Eq.  (1)]. 

The  slow  trend-like  phase  data  measured  at  437  MHz  was  differenti¬ 
ated  to  obtain  the  large-scale  electron  density  structure.  The  results 
are  compared  with  the  in-situ  Langmuir  probe  measurements  in  Figure  8. 
The  electron  density  scale  was  calibrated  from  the  incoherent-scatter 
data  measurement  made  with  the  ALTAIR  radar.  Absolute  density  calibra¬ 
tion  will  have  to  await  the  results  of  the  high-resolution  electron 
density  probe. 

If  the  electron  density  structure  remained  stationary  and  time- 
invariant  over  the  interval  that  the  rf-beacon  phase  data  were  being 
accumulated,  the  two  curves  in  Figure  8  would  track.  Up  to  the  range 
of  as  370  km  (je  368  km  height)  the  electron  density  measured  by  the 
Langmuir  probe  and  the  rf-beacon  compare  very  well. 

The  departure  of  the  beacon-derived  electron  density  from  the 
Langmuir  probe  measurement  of  electron  density  at  ranges  in  excess  of 
as  370  km  (as  165  s  into  the  rocket  flight)  gives  a  measure  of  the  time- 
variant  electron  density  structure  along  the  propagation  path  from  the 
rocket  payload  to  the  receiving  equipment  at  the  foot  of  the  rocket 
trajectory.  The  ALTAIR  radar  backscatter  maps  show  that  a  region  of 
increased  backscatter  (indicative  of  electron  density  depletion)  moved 
into  and  out  of  the  measurement  path  between  T  +  120  s  and  T  +  240  s. 

The  results  presented  are  for  the  upleg  portion  of  the  payload 
flight.  During  this  portion  of  the  flight  the  unique  geometry  of  an 
essentially  unchanging  measurement  path  held  true.  Comparable  results 

c.f.  Roland  Tsunoda's  paper  in  this  Proceedings . 
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ELECTRON  DENSITY  —  el/cm° 


FIGURE  8 


ELECTRON  DENSITY  COMPARISON 


could  not  be  obtained  for  the  downing  portion  of  the  flight  because  the 
propagation  path  from  the  payload  to  the  receiving  equipment  changed 
continuously. 

B.  Scintillation  Indices 

The  detrended  scintillation-like  variations  of  both  the  amplitude 

and  phase  data  were  analyzed  to  obtain  the  intensity-scintillation  index 

S.  and  the  phase-scintillation  index  a  •  Both  the  upleg  and  downleg 
4  0 
data  were  analyzed  using  overlapping  40-km  data  intervals  with  a  5-km 

step  for  each  new  data  set.  The  intensity  scintillation  index,  S^,  was 

computed  for  the  145-,  291- ,  and  437-MHz  signals  and  the  phase- 

scintillation  index,  a  >  was  computed  for  the  291-  and  437-MHz  signals. 

0 

Figure  9  shows  the  phase-scintillation  index  for  the  upleg  portion 
of  the  payload  trajectory.  If  the  ionospheric  structure  along  the  propa¬ 
gation  path  were  time-invariant,  we  would  expect  the  index  to  in¬ 
crease  monotonically.  The  decrease  of  at  ranges  >  53  370  km  indicates 

that  at  **  T  +  165  s, a  scintillation  producing  region  of  the  ionosphere 
o 

was  replaced  by  less  disturbed  structure.  This  observation  supports  the 
electron  density  measurement  results  discussed  earlier.  The  291  MHz  data 
have  been  scaled  by  the  291/437  ratio  to  demonstrate  the  expected  linear 

dependence  of  a  on  wavelength.  The  failure  of  the  two  curves  to  track 

0 

around  550  km  results  from  the  cycle  slippage  in  the  phase  measurement  at 
291  MHz  discussed  earlier. 

Figure  10  shows  the  intensity-scintillation  index  for  the  upleg  por¬ 
tion  of  the  payload  flight.  As  was  the  case  for  the  phase-scintillation 
index,  the  intensity  scintillation  index  also  decreases  at  ranges 
>  ss  370  km.  Therefore,  the  measured  electron  density  and  scintillation 
indices  not  only  describe  the  propagation  environment  along  the  measured 
path,  but  also  provide  information  about  changes  in  that  environment. 

The  extremely  high  values  of  S7  at  L45  MHz  in  the  range  from  370  to  400 
km  result  from  the  severe,  prolonged  amplitude  fade  in  that  range  region. 
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FIGURE  10  INTENSITY  SCINTILLATION  INDEX,  S, 


SpecCral  analysis  was  performed  on  the  detrended  291  and  437  MHz 
phase  data.  Both  the  upleg  and  downleg  data  were  analyzed  using  40-km 
data  intervals  with  a  5-km  step  for  each  new  data  set.  The  top  panel 
of  Figure  11  shows  an  example  of  the  spectral  analysis  program  output. 

A  least-square  log-linear  fit  is  made  to  the  power  spectral  density  func¬ 
tion  to  characterize  the  phase-spectrum  by  the  strength  and  slope  (index) 
parameter  and  p^,  respectively.  and  p^  are  defined  such  that 

$  (f)  =  T  f‘Pz  .  (3) 

0  z 

The  effect  of  the  detrend  filter  cutoff  is  illustrated  in  the  lower  panel 
of  Figure  11,  for  which  10-km  detrended  data  were  used.  The  significance 
of  the  RF-Beacon  Experiment  measurements  and  the  measured  values  of  T^ 
and  p^  are  presented  in  the  companion  report  titled,  "A  Comparative  Analy¬ 
sis  of  Equatorial  Irregularity  Structures  as  Measured  by  Wideband,  AE-E 
and  In-Situ  Rocket  Probes,"  by  C.  L.  Rino,  R.  C,  Livingston,  and  J.  Petriceks. 
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ABSTRACT 

The  NRL  pulsed  plasma-probe  experiment  was  successfully 
flown  on  each  of  the  two  PLUMEX  rockets  during  July  1979. 

The  experiment  provided  direct  measurements  of  absolute  den¬ 
sity,  Ne,  temperature  Te,  and  density  fluctuation  power  spec¬ 
tra  with  a  maximum  Nyquist  frequency  of  1  KHz  (1-m  resolution 
at  a  1-km/s  rocket  velocity).  In  the  first  operation,  a  num¬ 
ber  of  major  depletions  (ANe/Ng  <  0.90)  were  distributed 
throughout  the  F  region,  from  its  bottomside  gradient  centered 
near  260  km,  through  the  F  peak,  to  a  topsic’e  altitude  of 
500  km.  The  F  peak  was  at  375  km,  with  N^ax  =  1.3  x  10^  cm" 
(2250K)  with  no  obvious  signatures  of  energy  redistribution 
in  and  around  the  depletions.  The  most  intense  in-situ  irre¬ 
gularities  occurred  on  the  bottomside  ledge  where  gradient 
scale  lengths  were  found  to  vary  between  2  and  25  km.  The 
power  spectral  density  in  this  region  of  intense  irregulari¬ 
ties  on  the  bottomside  was  dominated  by  a  k-^'^  power  law 
over  the  intermediate  wavelength  domain  k  =  2;t/1000  to 

k  =  2je/25  m-l.  This  result  supports  the  role  of  the  colli- 
sional  Ray leigh-Tay lor  instability  in  generating  intermediate- 
wavelength  irregularities  during  the  occurrence  of  equatorial 
spread  F. 


I  INTRODUCTION 

The  DNA/PLUMEX  rocket  payloads  launched  into  the  equatorial  iono¬ 
sphere  during  the  July  1979  campaign  carried  a  complement  of  plasma 
diagnostics  that  included  a  quadrupole  ion  mass  spectrometer,  a  pair  of 
pulsed  plasma  probes,  vector  electric- field  sensors  and  a  four-frequency 
beacon.  The  pair  of  pulsed  plasma  probes  not  only  provided  simultaneous 
measurements  of  electron  density,  Ng,  temperature,  T  ,  and  density 
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fluctuation  power  spectra,  Pn(k),  but  also  provided  the  capability  for 
a  running  measurement  of  relative  variations  in  mean  ion  mass,  <£L>. 

The  measurements  of  N  and  T  form  the  basic  information  on  the 

e  e 

laminar  condition  of  the  ionosphere,  allowing  for  the  determination  of 
the  ionospheric  plasma  response  to  varying  geophysical  conditions  (solar 
and  magnetic  activity,  winds,  gravity  waves,  etc.)  and  the  detection  of 
triggering  mechanisms  (e.g.,  steep  density  gradients  in  Ng)  for  iono¬ 
spheric  irregularities. 

The  measurements  of  6N£,  giving  P^(k),  yield  important  test  informa¬ 
tion  for  signal  channel  models  as  well  as  possible  instability  mechanisms 
(e.g.,  collisional  drift  modes,  E  x  B  and  Ray leigh- Taylor ) ,  which  might 
be  active  in  the  ionospheric  plasma. 

In  this  paper  we  describe  the  experimental  technique,  payload  con¬ 
figuration,  and  launch  scenarios.  We  also  present  additional  experimental 

1  2  * 

results  that  complement  companion  papers.  » 

II  TECHNICAL  OVERVIEW 

A.  Introduction 

3 

The  pulsed  plasma  probe,  or  P  ,  technique  is  a  unique  diagnostic 

tool  that  is  capable  of  high  spatial  and  temporal  resolution  of  plasma 

parameters.  The  instrument  is  a  Langmuir-type  probe  using  a  special 

electronic  procedure  for  generating  the  current-voltage  characteristic.3*4 

The  result  is  greatly  improved  reliability  and  expanded  versatility  in 

3 

Langmuir  probe  measurements.  As  a  diagnostic  tool,  the  P  technique 
reduces  commonly  found  distortions  in  derived  electron  densities  and 
energy  distribution  functions.  A  unique  feature  of  the  technique  is  its 
ability  to  measure  simultaneously  the  electron  temperature,  density, 
and  the  density-fluctuation  power  spectrum.  Successful  applications  of 
the  P^  technique  include  not  only  rocket,  but  also  satellite5*6  and 

References  are  listed  at  the  end  of  this  paper. 
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laboratory  beam-plasma  studies7  of  turbulent  charged-particle  environ¬ 
ments. 

Figure  1  shows  two  types  of  probe  operation.  Figure  1(a)  depicts 

a  linear  sawtooth  sweep  voltage  that  represents  the  conventional  approach 

to  Langmuir  probe  operation  in  which  some  form  of  continuous  voltage 

sweep  is  applied  between  voltage  limits  V  and  V  .  Figure  1(b)  shows 

+  3 

the  pulse-modulated  sweep  that  has  been  used  with  P  .  The  voltage  pulses 
that  follow  the  sawtooth  envelope  generate  the  current-voltage  character¬ 
istic  of  the  probe.  During  the  interpulse  period,  at  constant  voltage, 

V„,  the  collected  probe  current,  ID ,  provides  a  direct  measure  of  varia- 

D  D 

tions  in  the  probe-plasma  system.  The  pulse  duty  cycle  is  short  so  that 

the  probe  rests  at  its  baseline  potential,  V  ,  for  a  period  much  longer 

B 

than  the  pulse  width.  Figure  2  shows  pulse  and  baseline  durations  identi¬ 
fied  as  Ton  and  Tg,  respectively.  So  that  sweep  voltage  transients  will 
not  affect  the  value  of  probe  current,  the  probe  current  is  sampled  at 
the  termination  of  Subinterval  within  the  sweep  pulse  and  at  the  center 
of  the  baseline  Interval  Tg. 

With  T  much  shorter  than  either  T„  or  the  time  constant  of  the 
probe  surface  contimination  layer,4  the  pulse  procedure  will  maintain 
the  surface  condition  and  associated  voltage  drop  at  a  more  nearly  con¬ 
stant  level  than  if  a  continuous,  slowly-varying  sweep  voltage  was  used. 
The  resulting  current-voltage  characteristic  can  then  be  separated  from 

the  plasma-density  fluctuations  (I  )  so  that  the  electron  temperature 

B 

and  density  are  determined  uniquely.  In  addition,  the  I  values  provide 

B 

the  raw  data  from  which  density-fluctuation  power  spectra  are  determined, 

3 

B.  Payload  Configuration  and  P  Characteristics 

A  pair  of  pulsed  probes  were  extended  diametrically  from  the  for¬ 
ward  end  of  the  rocket  payload  (Figure  3).  The  sensing  elements,  con¬ 
structed  from  tungsten  wire,  were  isolated  from  their  extension  booms 
by  coaxial  guard  electrodes  that  were  driven  at  the  same  potential  as 
the  probes  themselves.  One  of  the  probes,  defined  as  the  I  probe, 

operated  with  V  ~  1  V,  yielding  net  ion  baseline  current  of  I*  The 
B  B 


35 


SAMPLING  INTERVALS. 


394  sec  590  km 
(NOMINAL) 


ST  A  0 


ST  A  68 


STA84 


I 

-■ 

I 

f 

c 

c 

]S 

NOSE  SEP  SYSTEM 
NOSE  CONE 
MASS  SPEC  COVER 

P3  BOOMS 
MASS  SPEC 
P3  ELECT 

FWD  E-FLD  BOOMS 
MASS  SPEC  ELECT 
E-FLD  ELECT 

TLM  GYRO 

NOSE  SEP  JOINT 
ACS,  BEACON.  UMB 
FIRE  SET 
SRI  BEACON 
PLD  SEP  JOINT 
AFT  E-FLO  BOOMS 
SRI  ANTENNA 
PLO  SEP  SPRINGS 

MALEMUTE  MOTOR 


DNA/KWAJALEIN 
PLUMEX  I  AND  II 
PAYLOAD  CONFIGURATION 
AND 

NOMINAL  TRAJECTORY 


is _ . 

4S 


MASS  SPECTROMETER  \ 
PULSED  PLASMA  PROBES!  <P3) 
E-FIELD  BOOMS  \ 

SRI  ANTENNA  \ 


DEPLOY  BOOMS 
61  sec  129  km 

SER  PAYLOAD 
55  sec  112  km 

SEP  NOSE  CONE 
52  sec  103  km 


NOMINAL 


FIGURE  3  PLUMEX  I  AND  II  PAYLOAD  CONFIGURATION  AND  NOMINAL  TRAJECTORY, 
(This  figure  has  been  adapted  from  a  Sandia  report.) 


'  T  T 


other  probe,  defined  as  the  E  probe,  operated  with  ^  2  V,  yielding 

net  electron  baseline  current  of  1^.  Both  probes  generated  complete 

current-voltage  characteristics  in  -  LOO  -is,  yielding  absolute  values 

of  N  and  T  at  an  approximate  2.3-Hz  rate.  Maximum  I„  sampling  occurred 
e  e  B 

at  2048  Hz,  resulting  in  0.5  m  spatial  resolution  for  relative  electron 
density  fluctuations  at  a  vehicle  velocity  of  1  km/s. 

Probe  electrometers  were  set  to  operate  over  a  dynamic  range  extend- 
-10  -4 

ing  from  4  X  10  to  2.5  X  10  A,  with  automatic  switching  over  8 
ranges  maintaining  9-bit  accuracy  for  all  anticipated  ionospheric  condi¬ 
tions.  The  automatic  ranging  is  best  illustrated  in  Figure  4:  an  actual 
in-flight  analog  record  of  telemetry  channel  outputs  for  the  probe  cur¬ 
rents  and  applied  voltages;  the  roll  magnetometer  for  magnetic  aspect 
determinations;  and  pitch,  yaw,  and  roll  monitors  on  the  ACS  jets.  The 
data  sample  presented  in  Figure  4  was  collected  when  the  payload  was  55  s 
into  flight  while  the  probe  electrometers  were  being  driven  through  a 
load  resistor  for  calibration.  The  operation  of  the  probe  alternated 
between  a  fixed-bias  mode  and  a  pulsed-sweep  mode,  with  absolute  currents 
determined  by  a  simple  algorithm  that  coupled  the  switching  0  to  5  V  TM 
signal  on  PCM  channel  26-1  with  the  sweep  current  range  monitor  on  chan¬ 
nel  27-1.  The  record  format  in  Figure  4  helped  provide  field  estimates 
of  density  profiles  without  distortions  of  magnetic  aspect  sensitivities 
and  attitude  control  jets. 


Ill  RESULTS 

A.  Density  ProfiLes  and  Irregularity  Structures 

By  2100  LT  on  the  night  of  the  first  rocket  launch  (PLUMEX  T) 
tlie  bottoms i de  of  the  F  region  had  risen  to  an  approximate  altitude  of 
400  km.  The  F  region  then  began  a  downward  drift  with  a  simultaneous 
onset  of  spread  F.  The  downward  drifting  and  spread-F  conditions  con¬ 
tinued.  When  the  bottomside  F  layer  had  descended  to  an  altitude  below 
300  km,  the  rocket  was  launched  (1231:30  lTT  on  day  198;  0031:30  LT, 

L 7  July  1979). 
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ROU 

MAGNETOMETER 


PROBE  OUTPUTS  AND  RELEVANT  VEHICLE  INFORMATION  (ROLL  MAGNETOMETER,  ATTMUUt  LUN1HUL 
JETS  AND  IRIG  B  TIMING).  The  probe  electrometers  (26-1)  cover  six  decades  of  current  in  8  automatic-switching 
ranges  (26-1  above  shows  automatic  ranging,  and  27-1  identifies  each  range  through  a  simple  algorithm).  A  9-bit 
accuracy  is  maintained  throughout. 


Figure  5  displays  the  upleg  measurements  of  relative  electron  den¬ 
sity  as  presented  by  correlated  ion-  (I1)  and  electron-saturation  I^(V+) 
currents.  The  ordinate  has  a  linear  scale  for  time-after- launch  with 
altitude  superimposed  at  50-s  increments.  Because  ion  and  electron 

saturation  currents  have  significantly  different  sensitivities  to  veloc- 

7  i  i  + 

ity,  sheath,  and  magnetic-field  effects,  variations  in  1^  and  I  (V  ), 
not  mutually  corroborated,  were  attributed  to  the  various  aspect  sensi¬ 
tivities  and  excluded  from  Figure  5.  This  approach  made  analysis  easier, 
reduced  computer  time,  and  established  the  credibility  of  the  interpreta¬ 
tion  of  the  curves  as  relative  electron-density  profiles. 

The  results  in  Figure  5  show  that  a  number  of  major  depletions 

(AN  /N°  <  0.9)  were  distributed  throughout  the  F  region.  Each  of  the 

e  e  ~ 

large-scale  depletions  (identified  alphabetically)  has  its  own  distribu¬ 
tion  of  irregularities,  illustrated  in  Figure  6  by  the  expanded  view  of 
Regions  C,  D,  H,  and  I.  It  is  clear  that  Region  C  is  not  a  single  narrow 
bite-out,  but  a  collection  of  rather  large  irregular  structures  extending 
over  a  total  altitude  domain  of  about  12  km.  (Vehicle  velocity  in  Region  C 
was  2.4  km/s.)  To  develop  a  quantitative  view  of  irregularity  fluctua¬ 
tions  observed  in  the  F  region,  continuous  linear  detrends  were  executed 
throughout  the  entire  upleg  trajectory.  The  variations  about  those 
linear  detrends  were  then  plotted  in  Figure  5  as  "Irregularity  Intensity," 
with  a  maximum  relative  scale  of  tU .  A  fluctuation  as  great  as  ±4  ap¬ 
proximately  represents  a  e80-percent  fluctuation  about  the  linear  de- 
trend.  (Correlation  o£  these  results  with  macroscale  gradients  and 
ALTAIR  backscatter  contours  are  discussed  in  a  companion  paper.1 ) 

B.  Absolute  Density  and  Temperature 

Absolute  values  of  electron  density  and  temperature  were  determined 
by  conventional  analyses  of  Langmuir  probe  characteristics  with  appropri¬ 
ate  care  to  eliminate  perturbing  effects  of  surface  contamination,'  den¬ 
sity  fluctuations,'*10  and  magnetic- field  effects.  Approximately  25 
characteristics  were  analyzed  over  the  F  layer  from  340  to  5(>0  km.  In 

each  case  a  conversion  coefficient,  a  N  / I  (V+),  with  N  measured  in 
3  -  e  e  e  + 

electrons/cm  and  I  in  amperes,  was  determined  so  that  the  I  (V  ) 
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profile  in  Figure  5  could  be  directly  scaled  to  absolute  electron  densi¬ 
ties.  This  procedure  yielded  a  =  5.5  x  10 ^  electrons  cm  ^  (il0%). 

The  up  leg  profile  has  been  reconstructed  in  Figure  7  with  relative 
and  absolut  electron  density  plotted  as  a  function  of  altitude.  The 
result  shows  the  F  peak  at  375  km,  with  a  maximum  density  of  1.3  x  10^ 
cm  ^  (a.  10%). 

Analysis  of  the  retarding-f ield  region  of  the  same  set  of  current- 
voltage  characteristics  yielded  T>  =  1350  K  ( 250  R)  ,  with  no  obvious 
signatures  of  electron  energy  redistribution  in  and  around  the  depletions. 


C.  Intermediate  Wavelength  Power  Spectra 


The  pulsed-probe  data  provided  an  excellent  opportunity  for  compari¬ 
son  with  t.'ie  numerical  simulations11  of  the  collisional  Ray  leigh-Tay  lor 
(K-T)  instability  at  intermediate  wavelengths.  Attention  is  focused  on 
the  bottomside  F- layer  gradient  and  Region  C,  which  is  believed  repre¬ 
sentative  of  the  niidplia.se  development  of  the  R-T  process.1  Typically, 
computer  simulations  employ  several  values  for  the  zero-order  gradient 
scale  length 


L  = 


e 


dy 


-1 


and  initiate  the  code  witli  some  two-dimensional  perturbation  superim¬ 


posed.  In  tile  work  of  Keskinen  et  al.,11  L  was  selected  at  5,  10,  and 
15  km  and  the  perturbation  took  the  form1" 


5N  1  x  ,  y  ,  l  =0  ) 


—  *-4  —  () 

sin(k  v)  cosfk  x)  X  10  +  2  s inf  2k  v)  x  10 

>-  x  y 


Under  actual  conditions  encountered  in  I’LUMliX  I  (.Figure  7),  the 
bottomside  F- Layer  gradient  extended  from  2t0  to  290  km.  The  question 
of  gradient  scale  Length  can  be  studied  in  Figure  Fi  in  which  it  is 
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FIGURE  7  RELATIVE  AND  ABSOLUTE  PROFILE  OF  ELECTRON  DENSITY  (PLUMEX  1  UPLEG). 
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GRADIENT  OF  THE  F-REGION  LAYER  SHOWN  IN  FIGURES  5  AND  6. 


shown  Chat  the  bottomsi.de  gradient  (encompassed  in  the  105-  to  125-s 
period)  is  not  characterized  by  a  single  va  of  L.  In  Region  C  (114  s 
<  t  <  122  s),  L  is  seen  to  vary  between  2  ind  10  km,  but  in  adjacent 
domains  (110  s  <;  t  <  11J  s  and  122  s  <;  t  <  12b  s)  can  be  characterized 
by  L  =  25  km.  We  would  suggest  that  the  adjacent  domains  are  representa¬ 
tive  of  the  zero-order  gradient-scale  length  and  that  L  =  25  would  be  a 
more  appropriate  value  in  the  numerical  simulation. 


In  any  event,  computer  simulations  with  L  =  5,  10,  and  15  km 
showed  that  linearly  unstable  modes  saturate  by  nonlinear  generation  of 
vertical  modes.  The  results  yield  one-dimensional  power  laws  (horizon¬ 
tal  and  vertical)  that  vary  with  a  spectral  index  (=n  in  r>  k  n)  be¬ 

tween  2.0  and  2.5.  To  explore  this  result  within  the  context  of  Region  C 
power  spectral  analyses  were  conducted  over  sliding  intervals  of  2.4  km. 
Tile  results,  presented  in  Figure  9,  show  that  the  dominant  behavior  is 


over  the  range  k 


2 . i / 1000  m"1  to  k  =  2  /25  m'1.  The  k'1,85 


behavior  at  t  =  116.001  s  is  a  result  of  the  very  sharp  density  gradient 
(Region  C,  Figure  6)  encompassed  by  the  domain  of  the  spectral  analysis. 

In  general  we  would  conclude  that  our  results  support  the  numerical 
simulations  of  Keskinen  et  al.11  We  point  out,  however,  that  a  spectral 
index  variation  from  2  to  2.5  is  a  rather  broad  domain.  Further  testing 
of  this  support  can  be  achieved  with  an  L  =  25-km  simulation  and  a  down¬ 
ward  drifting  F-layer  model  that  is  more  in  keeping  with  the  actual  ex¬ 
perimental  conditions.  The  F-layer  time  history  can  be  important  be¬ 
cause  unstable  modes  appear  to  require  times  in  excess  of  4,000  s  to 
saturate — a  time  during  which  the  F  layer  encountered  in  PLUMEX  I 
drifted  downward  in  excess  of  40  km. 


IV  SUMMARY 

In  each  of  the  two  rocket  operations  (PLUMEX  I  and  II)  conducted 
at  the  Kwajalein  Atoll  during  July  1979,  the  NRL  pulsed  plasma  probe 
performed  flawlessly.  General  results  concerning  coordinated  rocket  and 
radar  measurements  of  small-  and  large-scale  irregularities  have  been 
discussed  in  companion  papers.1 Complementary  results  developed  here 
inc lude: 

•  In  PLUMEX  I  a  number  of  major  depletions  (aN<_,/N^  <  0.9) 
were  distributed  throughout  the  F  region,  from  the  bottom- 
side  gradient  centered  near  260  km,  through  the  F  peak,  to 
a  topside  altitude  of  500  km.  The  most  intense  in-situ 
irregularities  occurred  on  the  bottomside  ledge  where 
gradient-scale  lengths  were  found  to  vary  between  2  and 

25  km.  The  power-spectral  density  in  this  region  of  intense 
irregularities  on  the  bottomside  was  dominated  by  a 
k-"'  power  law  over  the  intermediate  wavelength  domain, 
k  =  2  :/1000  m“l  to  k  =  2  725  m~^.  The  experimental  condi¬ 
tions  were  reasonably  matched  to  the  numerical  simulations 
of  Keskinen  et  al.,11  and  a  comparison  of  the  two  resulted 
in  gen  al  agreement. 

•  In  PLUM..'.  I,  the  F  peak  was  at  375  km,  with  Ncmax  =  1.3  > 

10*’  cm- ^  ( _i  10%).  The  electron  energy  distribution  was 
characterized  by  Tt,  =  (  1350  K  2  50  K)  with  no  obvious 
signatures  of  energy  redi str ilniLion  in  and  around  the  de¬ 
pict  ions . 
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ALTAIR  RADAR  MEASUREMENTS  IN  SUPPORT 
OF  THE  PLUMEX  ROCKET  CAMPAIGN 


Roland  T.  Tsunoda 
Radio  Physics  Laboratory 
SRI  International 
Menlo  Park,  CA  94025 

I  INTRODUCTION 

During  July  1979,  the  Defense  Nuclear  Agency  (DNA)  conducted  a 
coordinated  rocket  campaign,  called  PLUMEX,  at  Kwajalein  Atoll,  Marshall 
Islands,  to  study  equatorial  spread-F  (ESF)  phenomena--in  particular, 
the  formation  and  character  of  intense,  scintillation-producing  irregu¬ 
larities  in  the  equatorial  ionosphere.  SRI  International  conducted  a 
supporting  experiment,  using  the  ALTAIR  radar  located  on  Roi-Namur 
Island  in  the  Kwajalein  Atoll.  The  objectives  of  the  ALTAIR  experiment 
were  to  provide  the  key  real-time  diagnostics  needed  as  rocket- launch 
criteria,  and  to  establish  a  unique  data  base  that  would  be  extremely 
valuable  for  furthering  our  understanding  of  equatorial  spread  F. 

ALTAIR  was  operated  for  eight  nights,  including  17  and  24  July  1979 
(UT  dates)  when  the  two  PLUMEX  rockets  were  launched.  A  summary  of  the 
ALTAIR  data  base  is  given  in  Table  1.  Except  on  the  nights  that  the 
rockets  were  launched,  typical  operation  was  from  07J0  to  about  1100  l'T. 
(Local  solar  time  leads  universal  time  by  11  hours  and  10  min.)  Segments 
of  this  data  base  have  been  analyzed  and  those  results  will  be'  presented 
in  future  reports. 

In  this  report,  we  present  a  summary  of  ALTAIR  measurements  made1  on 
the  nights  of  tin  two  rocket  launches.  These  measurements  are  described 
and  then  discussed  in  Lin-  light  ol  our  current  understanding  ot  ESF 
phenomena . 


Table  1 


ALTA  IK  DATA  SUMMARY 


1.5  July 


14  July 


17  July 


18  July 


19  July 


22  July 


2 3  July 


24  July 


0710  to  U)  50 


0725  d  1040 


0740  to  1 520 


0715  to  1040 


07 50  to  1050 


0715  to  1040 


07  50  to  1 120 


0720  to  1210 


Description 


Test  night  (limited  amount  of  data) 

Quiet,  some  development  of  bottomside 
spread  F 

Countdown  rehearsal 

Moderate  activity,  plumes 

1st  rocket 

Strong  plume  activity 

Radar  night 

Absolutely  quiet 

Radar  night 

Spread-F  activity,  plumes 
Radar  night 

Spread-F  activity,  plumes 

Rocket  countdown,  scrubbed 
Spread  F 

2nd  Rocket 

Strong  plume  activity 


II  THK  KXPKRIMKNT 


ALTAI R  was  operated  in  a  number  of  antenna  beam-steering  modes 
during  Lhe  eight  nights.  Operational  modes  included  (1)  east-west  scans 
made  with  the  radar  beam  directed  perpendicularly  to  the  gcomagiict.  i  c- 
iield  lines  at  F-region  altitudes,  (2)  east-west  scans  at  oil-perpen¬ 
dicular  angles,  (5)  latitude  scans  in  tin  raagm  L  i  c  meridian,  md  (4) 
skin-tracks  ot  east -west  orbiting  satellites.  The  magnet ie  pe r pend i cu 1  a 
east-west  scan  was  the  basic  mode  used  to  detect  and  track  backscattei 
plumes  Iron  t  lu  vast  into  Lin  roc  in  t  -  I  nunc  h  corridoi.  l.atituch  .scans 
in,)  r.ist-v.'  st  scans  il  o  I  f- pc  r  pi  nd  i  cu  1  i  r  angles  v.eia  used  lor  intohen  nt 
sc  liter  i’.n  isms  nt  ills  o  I  tin  bn  c  ,  grei  i  ud  1  1  a  ve  r  .  In  atl  d  i  t  ion,  the 
sat  e  |  1  i  l  e  truss  were  used  t  e  s  i  L  i  i  l  1  v  map  l  In  list  -  vs  s  t  vni  i  at  ions  in 
L ,  >  i  i  1  ,l,i  iron  content  and  si  i  nt  i  I  I  1 1  i  on  s  .  i  r<  conceiiui:  hen  wilii 


only  the  magnetically  perpendicular  east-west  scans  that  detected  and 
characterized  the  backscatter  plumes  toward  which  the  two  rockets  were 
launched . 

The  basic  radar  parameters  for  ALTA1R  are  given  in  Table  2.  ALTAIR 
•perates  at  two  frequencies  simultaneously,  and  has  power-aperture 
products  at  both  frequencies  that  are  large  enough  for  incoherent- 
scatter  measurements.  The  pulsewidths  of  30  ps  (VHF)  and  40  ps  (UHF) 
correspond  to  range  resolutions  of  4.5  km  and  6  km,  respectively.  Al¬ 
though  both  VHF  and  UHF  data  were  recorded,  only  the  VHF  data  are 
presented  in  this  report.  The  VHF  data  are  approximately  10  dB  more 
sensitive  to  ESF  irregularities  than  that  obtained  at  UHF,  and  hence  are 
useful  for  the  descriptive  purposes  of  this  report.  More  detailed 
descriptions  of  ALTAIR  system  characteristics  and  the  various  modes  of 
operation  have  been  published  previously  by  Tsunoda  et  al.  and  Towle." 


Table  2 

ALTAIR  SYSTEM  CHARACTERIST ICS 


PARAMETER 

VHF 

UHF 

Frequency  (MHz) 

155.5 

415.0 

Peak  Power  (MW) 

10.0 

20.0 

Pulsewidth  (ps) 

30.0 

40.0 

An  tenna 

Diameter  (m) 

45.7 

45.7 

Beamwidth  (deg) 

2.8 

1.1 

Gain  (dB)  ^ 

Effective  aperture  (m^) 

34.7 

42.4 

870.0 

720.0 

Temperature  (K) 

9  7j.O 

785.0 

References  are 


listed  at  the  end  of  this  paper. 


53 


The  principal  changes  in  the  basic  east-west  scan  used  during  the 
1979  DNA  campaign  (as  compared  to  those  described  by  Tsunoda  et  al.' 
and  Towle"  are  (1)  the  scan  was  continuous,  witli  selectable  scan  rates, 
(2)  the  scan  was  reversible,  allowing  east-to-west  scans  as  well  as 
west-to-east  scans,  and  (2)  the  largest  sector  that  could  be  scanned  was 
expanded  nearly  double  to  that  used  in  past  years.  A  continous  scan 
allowed  improved  angular  resolution.  The  reversible  scan  with  selectable 
scan  rate  allowed  improved  time  resolution  of  backscatter  plumes.  In 
addition,  the  expanded  sector  coverage  allowed  the  detection  of  back¬ 
scatter  plumes  further  to  the  west,  and  the  tracking  of  time  evolution 
over  a  longer  period  of  time.  For  example,  the  mapping  of  wave  structure 
in  the  bottomside  F  layer  and  the  observation  of  plume  development  from 
this  wave  structure,  made  possible  by  the  expanded  sector  coverage,  are 
described  by  Tsunoda  and  White."' 


Ill  FIRST  ROC  RET  N1GHT--17  July  1979 

A .  Ionospheric  Conditions 

A  summary  of  the  ionospheric  conditions  that  prevailed  during  the 
first  rocket  nigliL  is  presented  in  Figure  1.  Using  ionogram  data  that 
SRI  collected  nearby  we  have  plotted  h'F,  the  minimum  virtual  height  of 
the  F  layer,  as  a  function  of  time.  (Note  that  Kwajalein  Standard  Time 
is  12  hours  behind  universal,  and  that  local  solar  time  leads  universal 
time  by  11  hours  10  min.)  Prior  to  0700  FT,  the  bottom  of  the  F  layer 
was  situated  below  a  250-km  altitude.  A  rapid  lifting  of  the  F  layer 
followed,  between  0720  and  0900  IT,  coinciding  approximately  with  E-region 
sunset.  This  postsunset  rise  of  the  F  layer  is  a  regular  feature  in  the 
equatorial  ionosphere,  and  associated  with  solar  maximum  conditions.4 

Equatorial  spread  F,  as  seen  on  ionograms,  commenced  shortly  after 
0900  FT  and  developed  very  rapidly  into  strong  range  spread.  By  0910  FT, 
the  ionogram  traces  were  completely  spread.  The  period  from  0910  FT  to 
around  1100  FT  was  characterized  by  a  gradual  descent  of  the  F  layer, 
and  a  corresponding  general  decay  in  ESF  activity.  By  1110  FT,  the 
ionogram  traces  were  virtually  without  spread. 
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(17  JULY  1979)  AS  DEPICTED  BY  h'F,  VIRTUAL  HEIGHT  OF  THE 
F  LAYER,  PLOTTED  AS  A  FUNCTION  OF  TIME 


The  first  rocket  was  launched  at  1231:30  UT ,  as  shown  in  Figure  1„ 
Both  rocket  and  ALTAIR  data,  therefore,  correspond  to  measurements  of 
decaying  LSF  irregularities. 

B .  ALTAIR  Measurements 

ALTAIR  east-west  scans  commenced  at  0740  UT.  At  that  time  there 
was  no  evidence  of  ESF  backscatter  (which  is  consistent  with  ionogram 
data),  but  after  one  scan  radio-frequency  (rf)  silence  was  imposed. 

When  rf  silence  was  lifted,  strong  backscatter  plume  activity  was  in 
progress  (~0942  UT).  Backscatter  plume  activity  continued  through  the 
time  of  the  rocket  launch  up  to  the  time  of  tile  last  east-west  scan  by 
ALTAIR,  around  1250  UT.  Plume  activity  was  definitely  weakening  at  that 
t  ime . 

An  east-west  scan  taken  between  1119:38  and  1126:18  UT  is  shown  in 
Figure  2.  Strong  backscatter  plumes  exist  over  ALTAIR  and  to  the  west. 
Tile  backscatter  plume  through  which  the  rocket  was  launched,  more  than 
an  hour  after  this  scan  was  made,  is  just  entering  the  scanned  sector-- 
approximateiy  600  kin  west  of  ALTAIR.  (An  eastward  drift  of  600  km/hr 
corresponds  to  167  m/s.)  At  this  time,  the  plume  already  extended  up  to 
almost  a  600- km  altitude,  and  its  backscatter  strength  was  50  dB  above 
incoherent-scatter  (IS)  levels.  The  backscatter  plumes  were  mapped 
continously  by  ALTAIR  and  were  tracked  as  they  drifted  eastward  toward 
the  rocket  launch  corridor. 

The  fully  developed  plume  of  interest,  as  it  approached  overhead  of 
ALTAIR,  is  shown  in  Figure  3.  The  scan  was  made  about  19.5  prior  to 
rocket  launch.  The  10-dB  contour  is  seen  to  extend  in  altitude  from 
500  km  up  to  750  km.  The  backscatter  strength  appears  to  be  weakening, 
compared  with  that  shown  in  Figure  2. 

The  geometric  relationship  between  Lhc  rocket  trajectory  and  the 
plane  containing  the  ALTAIR  scan  sector  is  shown  in  Figure  4.  The 
coordinates  of  the  plot  arc  geographic  latitude  and  longitude.  The 
location  of  the  point  directly  beneath  the  rocket  (subrocket  point)  as 
a  function  of  l i me  alter  launch  is  shown  by  a  curve  that  begins  at 
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FIGURE  2  FIRST  DETECTION  OF  THE  BACKSCATTER  PLUME  OF  INTEREST  —  17  JULY  1979 


NORTH  LATITUDE 


17  JULY  1979 
T  =  1231:30.5  UT 


EAST  LONGITUDE  —  deg 


FIGURE  4  ROCKET  TRAJECTORY  AND  ITS  EXTRAPOLATION  INTO 
THE  EAST-WEST  SECTOR  SCANNED  BY  ALTAIR  — 

17  JULY  1979  (T  =  1231:30  UT) 
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Roi-Namur  Island  and  extends  into  the  northeast  corner  of  the  figure. 

The  tick  marks  on  the  curve  correspond  to  the  subrocket  position,  and  are 
shown  at  one-minute  intervals  from  the  time  of  launch,  T.  The  trajectory 
data  used  for  this  plot  was  provided  by  William  Millard  (Sandia  Corpora¬ 
tion)  from  his  model  trajectory  calculations.  The  plane  containing  the 
ALTAIR  scan  sector  is  shown  schematically  by  the  parallel  lines  that 
slope  downward  to  the  right  of  the  figure.  Each  line  represents  the 
ground  image  of  the  loci  of  points  at  which  the  radar  beam  perpendicularly 
intersects  the  geomagnetic  field,  labeled  B,  at  a  given  altitude.  The 
actual  plane  that  contains  the  zero  magnetic  aspect  points  is  positioned 
perpendicularly  to  the  magnetic  meridian  (9°  E  true  azimuth)  and  titled 
at  an  angle  of  9°  N  of  vertical. 

The  rocket  t ra j ec tory- -as  it  would  map  along  the  geomagnetic-field 
lines,  B,  onto  the  ALTAIR  scan  sector--can,  therefore,  be  schematically 
drawn,  by  extrapolating  the  subrocket  positions  along  a  constant  magnetic 
declination,  to  the  position  (in  latitude  and  longitude)  on  the  schematic 
plane  (zero  magnetic  aspect)  that  corresponds  to  the  appropriate  rocket 
altitude.  In  this  figure,  the  trajectory  (constructed  as  described  above) 
is  shown  as  circles  connected  by  a  smooth  curve.  The  rocket  trajectory 
has  a  velocity  component  in  the  magnetic  east  direction.  We  can  estimate 
its  value  by  measuring  the  eastward  displacement  for  any  given  interval 
of  time.  For  example,  at  an  altitude  of  500  km,  tin-  mean  eastward 
rocket  speed  was  about  150  m/s  (using  the  T  +  4-min  and  T  +  9-min  points). 
Later  in  this  report,  we  show  that  tiiis  velocity  value  was  comparable  to 
the  eastward  plume  drift  of  about  160  m/s. 

At  the  time  of  the  rocket  flight,  the  spatial  distribution  of  back- 
scatter  that  was  observed  with  ALTAIR  at  VliF  9  (155.5  MHz)  is  shown  by 
the  three  backscatter  contour  maps  in  Figure  5.  Each  map  is  drawn  using 
calibrated  contours  of  constant  backscatter  strength--after  correcting 
for  the  range-squared  decrease  in  signal  strength.  The  regions  between 
contours  have  been  shaded  for  greater  clarity. 

The  strongest  backscatter  regions  (shown  near  the  right  edge  of  the 
first  map)  is  the  backscatter  plume  of  interest.  The  rocket  trajectory 
is  displayed  by  st ra i ght- 1 i ne  segments  containing  circles  that  correspond 
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FIGURE  5  ALTAIR  BACKSCATTER  MAPS  OBTAINED  DURING  THE  FIRST  ROCKET  FLIGHT  —  17  JUl  Y  1979 


to  a  one-minute  interval.  The  rocket  barely  missed  passing  directly 
along  the  neck  of  the  plume,  i.e.,  the  strong  backscatter  region  that 
connects  the  plume  to  the  bottoinside  backscatter  region.  Instead  of 
this  course,  the  rocket  passed  to  the  west  of  the  plume  until  it 
penetrated  the  plume  at  an  altitude  of  approximately  450  km  (about 
T  +  200  s ) . 

That  the  plume  is  undergoing  a  process  of  decay  is  evident  by 
comparing  the  maps  in  Figures  2  and  4.  The  plume  had  already  extended 
up  to  a  600- km  altitude  by  1120  UT,  with  a  peak  backscatter  strength  of 
50  dB  (Figure  2).  By  12'JJ  UT,  the  plume  lias  decreased  in  backscatter 
strength  by  10  dB.  A  continued  decay  in  backscatter  strength  is  also 
evident  in  the  three  maps  in  Figure  4.  The  decrease  in  plume  height 
from  600  to  550  km  is  the  result  of  a  descending  F  layer  (''-10  m/s). 

The  continued  flight  of  the  rocket  is  shown  in  the  second  (center) 
map.  The  rocket  is  seen  to  have  penetrated  through  the  most  intense 
backscatter  region  of  the  plume  (between  T  +  4  and  T  +  5  min).  Shortly 
thereafter,  at  T  +  b  minutes,  the  rocket  reached  apogee  (see  third  map). 
As  the  rocket  fell,  it  again  passed  through  the  plume  of  interest.  Be¬ 
cause  of  its  slightly  larger  eastward  velocity  component,  the  rocket 
passed  approximately  15  km  to  the  east  of  its  interception  point  during 
till  upleg  of  the  rocket  trajectory.  This  near-synchronous  flight  of  the 
rocket,  with  Llie  eastward  drift  of  the  backscatter  plume,  accounts  for 
the  near  identical  electron  density  profiles  that  were  obtained  by  i n— 
situ  rockt t  measuri menLs  during  the  upleg  and  downing  portions  of  the 
roc  ke t  (light. 

The  decay  of  illume  backscatter  strength  is  clearly  shown  in  Figure  6 
We  have  plotted  the  altitude  extent  of  the  40-dB  contour  in  the  plume  of 
interest,  as  a  (unction  ol  time.  That  contour  is  shown  to  extend  in 
altitude  from  475  km  up  to  nearly  700  km,  around  1 200  IT.  The  decay  is 
seen  to  occur  Iron  the  lop  o t  the  plume  lowering  tile  upper  end  of  the 
plume  down  to  525  km  by  the  time  ol  the  rocket  Launch.  Backseat ter-p lume 
decay  phase  has  been  described  by  TsiiihhI.v  . 
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ALTITUDE 


ALTITUDE  EXTENT  OF  VHF  BACKSCATTER 


(40-dB  contour) 


FIGURE  6  ALTITUDE  EXTENT  OF  VHF  BACK¬ 
SCATTER  (40-dB  CONTOURS)  IN 
PLUME  OF  INTEREST,  AS  A  FUNCTION 
OF  TIME  —  17  JULY  1979 


IV  SECOND  ROCKET-- 24  July  1979 


A .  Ionospheric  Conditions 

The  ionospheric  conditions  for  the  second  rocket  night  are  summarized 
in  Figure  7,  using  a  plot  of  h  F  versus  time.  The  virtual  height  of  the 
bottomside  F  layer  is  seen  to  increase  monotonica 1 ly  starting  around 
0500  UT  and  continuing  until  0800  UT  when  l/  F  reached  350  km  and  the 
ionogram  traces  began  to  spread.  Full  range  spread  developed  around 
0830  UT;  therefore,  despite  the  fact  that  the  base  of  the  F  layer  did 
not  reach  as  high  an  altitude  as  on  the  first  rocket  night,  equatorial 
spread  F  started  sooner. 

The  second  rocket  was  launched  at  T  =  0957:30  UT  during  a  time  when 
the  F  layer  began  to  rise  again.  The  second  rocket  launch  differed  from 
tile  iirst,  in  that  general  ESF  activity  was  probably  ai  its  peak  than 
in  its  decay  phase. 

11 .  ALTA1R  Measurements 

The  first  ALTA  I R  observations  of  the  buckscatter  plume  of  interest 
were  made  between  0844  and  0925  UT.  Two  buckscatter  maps  showing  the 
development  ot  the  pilin',  are  presented  in  Figure  8.  The  buckscatter 
region  of  interest  at  0844  UT  appears  at  the  extreme  west  end  of  the 
map  in  the  upper  panel.  Chat  appears  to  be  a  plume  with  an  eastward 
tilt  (from  vertical)  is  really  bottoms ide  buckscatter  associated  with  an 
upwelling  ol  the  bottomside  F  layer  to  altitudes  around  550  kni  . 

Initial  plume  development  is  seen  in  the  second  nap  (lower  panel)  in 
Figure  8.  The  plume  can  be  differentiated  from  bottomside  buckscatter 
by  the  abrupt  change  in  tilt  angle  above  a  ()50-km  altitude.  The  plume 
extends  up  to  an  altitude  ol  900  Ian. 

The  geometry  relating  the  second  rocket  trajectorv  to  the  sector 
scanned  by  ALTA  IK  is  shown  in  Figure  9.  The  second  rocket  trajectorv, 
wlien  compared  with  that  tor  the  first  rocket,  is  directed  at  a  slightly 
inert  northerly  azimuth.  TTu  roc  kit  position  at  one-minute  intervals  has 
been  exLripol  lied  lo  t  hi  plain  ol  tin  .M.TAIK  scan  sector  (circles). 

Thert  is  Little  ilillelenee  ill  Lin  trajectories  ol  the  two  li-ekets. 
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FIGURE  7  IONOSPHERIC  CONDITIONS  FOR  THE  SECOND  ROCKET  NIGHT 

(24  JULY  1979)  AS  DEPICTED  BY  h'F,  THE  VIRTUAL  HEIGHT  OF  THE 
BOTTOM  OF  THE  F  LAYER,  PLOTTED  AS  A  FUNCTION  OF  TIME 


FIGURE  8  FIRST  DETECTION  OF  BACKSCATTER  PLUME  OF  INTEREST  —  24  JULY  1979 
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FIGURE  9 


ROCKET  TRAJECTORY  AND  ITS  EXTRAPOLATION  INTO  THE 
EAST-WFST  SECTOR  SCANNED  BY  ALTAIR  —  24  JULY  1979 
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FIGURE  10  ALTAIR  BACKSCATTER  MAPS  OBTAINED  DURING  THE  SECOND  ROCKET  FLIGHT 
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Three  ALTAIR  backscatter  maps  taken  during  the  flight  of  the 
second  rocket  are  shown  in  Figure  10.  The  plume  toward  which  the 
rocket  was  directed  is  centered  in  the  first  map,  and  drifts  eastward 
in  the  following  two  maps.  The  strong  backscatter  region  (^30  dB) 
extends  up  to  about  750  km  in  altitude.  The  top  part  of  the  plume, 
however,  that  extended  up  to  a  900  km  altitude  has  decayed  significantly, 
although  remnants  from  that  portion  are  still  seen  in  the  maps. 

The  location  of  the  rocket  as  function  of  time  is  shown  by  solid 
circles  connected  by  straight  line  segments.  The  first  map  covers  the 
period  between  launch  (0957:30  UT)  and  T  +  2  min.  The  rocket  trajectory 
is  seen  below  the  backscatter  region,  directed  toward  the  right  of  the 
plume.  The  small  backscatter  at  the  250-km  altitude  was  produced  by 
radar  backscatter  from  the  body  of  the  rocket  as  it  passed  through  the 
ALTAIR  beam.  The  second  map  corresponds  to  the  time  T  +  2.5  to  T  +  4 
min.  The  rocket  passed  through  bottomside  backscatter  (between  T  +  2.5 
and  T  +  3.5  min).  In  the  last  map  in  Figure  10  (T  +  4.5  to  T  +  6  min), 
the  rocket  is  seen  to  pass  along  the  east  wall  of  the  plume. 

V  DISCUSSION 

In  this  report,  we  have  summarized  the  ALTAIR  operation  during  the 
PLUMEX  rocket  campaign  and  described  the  backscatter  plume  characteristics 
of  the  plumes  toward  which  the  two  rockets  were  launched.  Both  plumes 
were  in  their  decay  phasesr’ .  The  first  plume  however,  occurred  during 
a  period  of  general  decline  in  LSF  activity  (the  midnight  sector).  The 
Second  plume  occurred  during  a  period  of  strong  ESF  activity  (the  pre¬ 
midnight  sector). 

The  relationships  of  backscatter  plumes  to  in-situ  probe  measure¬ 
ments  have  been  described  by  Szuszczewicz  et  al6’  '  .  The  results  from 
the  first  PLUMEX  rocket  appear  to  be  in  good  agreement  with  earlier 
findings  obtained  with  ALTAlRt>'.  In  both  cases  backscatter  appears  to 
be  associated  with  plasma  depletions  and  regions  of  positive  electron- 
density  gradients.  The  results  from  the  second  rocket  are  also  in 
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agreement  with  past  results--that  is,  the  second  rocket  passed  along 
the  east  wall  of  the  backscatter  plume  and  recorded  very  weak  ESF 
irregularities. 

The  observations  al  o  support  the  east-west  asymmetry  model  proposed 
ty  Tstinoda''  .  In  this  report,  Tsunoda  hypothesized  that  the  west  wall  of 
plasma  bubbles  would  be  more  structured  than  the  east  wall  because  the 
gradient-drift  instability  would  be  driven  on  the  west  wall  by  the 
eastward  neutral  wind.  This  model  is  supported  by  the  discovery  of 
scintillation-producing  irregularities  near  the  west  wall  of  the  first 
plume, 10  and  the  near-absence  of  ESF  irregularities  along  the  east  wall 
of  the  second  plume.  This  model  is  further  supported  by  the  demonstra¬ 
tion  that  wave  structure  occurs  in  tiie  bottomside  F  layer  and  that  the 
wave  structure  leads  to  the  development  of  plumes  from  the  west  walls1'  . 
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I  INTRODUCTION 

During  the  July  1979  Kwajalein  Equatorial  Spread-F  Campaign,  under 
joint  DNA  and  NSF  sponsorship,  two  optical  instruments  were  fielded  at 
Roi-Namur,  Marshall  Islands,  to  provide  real-time  F-region  neutral  wind 
measurements1  and  mapping  of  630.0-nm  airglow  depletions  that  are  be¬ 
lieved  to  be  associated  with  the  scintillation  regions^  (plasma  depletions, 
plumes  or  plasma  bubbles3).  The  wind-determining  instrument  was  the  94- 
mm-aperture  Fabry-Perot  (FP)  interferometer,  with  the  multiple-aperture 
exit  plate,  that  was  fielded  at  Roi-Namur  for  the  1977  and  1978  Wideband 
Equatorial  Measurements  Program.1  Before  shipping  the  instrument  to  the 
Pacific  in  July  1979,  improvements  were  made  that  increased  its  detection 
sensitivity  by  a  factor  of  ~  2.  This  was  a  fortunate  development  in  view 
of  the  substantially  weaker  630.0-nm  nightglow  intensities  in  1979,  as 
compared  to  1978  and  1977  (the  result  of  an  increase  in  the  F-region' s 
average  altitude  during  this  time  period). 


The  other  instrument  fielded  in  July  1979  was  a  new  630.0-nm  night- 
glow  mapping  instrument  that  had  been  completed  just  in  time  for  the  1979 
program.  It  consisted  of  a  3-channel  filter  photometer  (630.0  nm,  631.0 
nm,  and  557.7  nm)  with  dual-axis  pointing  head.  The  weather  was  rather 
unfavorable  for  filter  photometer  operation  (partly  cloudy  many  of  the 
nights),  and  the  instrument  did  not  become  fully  operational  until  late 
in  the  campaign.  Fortunately,  the  instrument  was  operating  during  a 
clear-night  period  which  coincided  with  the  last  of  the  ALTAIR  incoherent- 
scatter  observations  of  scintillation  regions.  It  appears  that  the  loca¬ 
tion  of  the  observed  630.0-nm  airglow  depletion  region  corresponded  to 
the  scintillation  region  that  was  detected  simultaneously  by  ALTAIR 
(R.  Tsunoda,  private  communication). 

In  the  following  sections,  we  (1)  describe  the  principles  of  the 
two  measurements;  (2)  present  the  results  of  the  neutral  wind  vector 
determinations  for  the  1979  campaign  and,  for  comparison,  for  the  1978 
and  1977  observation  periods;  (3)  display  the  motion  of  the  630.0-nm 
airglow  depletions  via  X  versus  t  intensity  contour  maps  for  successive 
W  -*  zenith  -•  E  zonal  scans  covering  a  four-hour  period;  and  (4)  give 
examples  of  all-sky  intensity  contour  maps  at  the  end  of  the  period. 


II  PRINCIPLES  OF  THE  EXPERIMENTS 
A.  Fabry-Perot  Interferometer 

The  pressure-tuned  94-mm-aperture  Fabry-Perot  interferometer  (em¬ 
ploying  a  photomultiplier  detector)  has  been  described  in  some  detail1 
and  is  a  current  version  of  our  nightglow  instrument  design.4  >6  The 
present  instrument  achieves  a  >  3-fold  increase  in  sensitivity  over 
"conventional"  instruments  by  use  of  a  multiple  annular  ring  exit  ap¬ 
erture  in  place  of  the  usual  central  hole  exit  aperture.  Added  sensi¬ 
tivity  over  earlier  instruments  was  obtained  by  use  of  the  extended-red- 
sensitivity  Varian  VPM-192MB  (or  RCA  31034A10)  photomultiplier  in  place 
of  the  earlier  EMI  9558A  and  9658A  tubes. 
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Typically  we  pressure-scanned  through  a  630.0-nm  line  profile  in 
~  25  seconds,  coherently  summing  repetitive  scans  until  a  satisfactory 
line  profile  was  obtained.  At  a  100-Rayleigh  intensity  of  630.0-nm 
nightglow,  it  was  possible  to  obtain  a  line  profile  of  sufficient  quality 
to  determine  neutral  winds  to  an  accuracy  of  t  15  m/s  in  3  to  4  minutes, 
while  in  weak  nightglow  periods  we  were  able  to  obtain  usable  630.0-nm 
profiles  in  ~  20  minutes  for  intensities  as  low  as  ~  7  Rayleighs.  To 
determine  the  instrumental  resolution  of  the  FP  and  to  provide  a  fre¬ 
quency  reference  and  frequency  scale,  the  FP  was  periodically  made  to 
scan  through  1-1/2  order  of  the  632.8-nm  line  from  a  stabilized  He-Ne 
laser.  Such  a  scan  typically  requires  ~  50  seconds  to  complete. 

The  F-region  neutral  winds  were  determined  on  clear  nights,  by  pro¬ 
gramming  the  pointing  head  of  the  instrument  to  "look"  successively  N,  S, 
E,  W,  at  30°  elevation  (with  occasional  zenith-directed  observations). 
From  these  observations,  we  determined  the  Doppler  shifts  of  the  profiles 
relative  to  a  "zero"  velocity  reference  (e.g.,  a  vertical  observation), 
to  find  the  wind  vector  components  along  the  various  lines-of-sight . 

On  partially  cloudy  nights,  an  observer  using  a  boresighted  telescope 
attached  to  the  pointing  head,  directed  the  FP  line-of-sight  to  suitable 
openings  in  the  clouds.  From  a  simple  trigonometric  program,  these  "odd" 
line-of-sight  velocity  components  were  translated  into  zonal  and  meridio¬ 
nal  wind  components. 

B .  Sky-Mapping  Filter  Photometer 

The  a  1 1-sky -mapping ,  three-channel  filter  photometer  was  designed 
to  provide  flexibility  in  mapping  the  nightglow  emission  patterns.  Three 
nightglow  radiation  regions  were  monitored  by  use  of  2  1/2-in.  diameter, 
multilayer  interference  filters  (A\  =  0.3  run)  that  were  centered  at  the 
appropriate  wavelengths  for  the  F-region  01  630.0-nm  nightglow,  the  ad¬ 
jacent  continuum  background  (at  631.0  nm),  and  the  E-region  01  557.7-nm 
nightglow. 

The  radiation  was  detected  by  three  Varian  VPM-192  MB  phototubes 
(see  Figure  1)  that  were  mounted  in  a  compact  equilateral  triangle 
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EL  AND  THE  TWO-AXIS  POINTING  HEAD  (H  =  HORIZONTAL  AXIS, 


configuration  within  a  freon-cooled  thermal  housing  (operating  tempera¬ 
ture  ~  -30°C).  The  three  parallel  optical  axes  of  the  photomultiplier 
channels,  after  passing  through  the  interference  filters,  impinged  at 
45°  angle  of  incidence  on  a  mirror  pivoted  about  a  horizontal  axis 
(indicated  by  H  in  Figure  1),  and  were  thereby  redirected  at  45°  angle 
of  incidence  onto  a  second  mirror  pivoted  about  an  axis  (0  in  Figure  1) 
orthogonal  to  the  horizontal  axis. 


J 
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With  this  mirror  system  it  was  possible  to  make  all-sky  maps,  by 
holding  the  horizontally  pivoted  mirror  fixed  at  successive  positions, 
while  the  orthogonally  pivoted  mirror  was  swept  back  and  forth  through 
180°.  This  leads  to  a  hemispherical  sweep  pattern  akin  to  the  longitude 
lines  on  a  globe  whose  North-South  axis  is  oriented  horizontally.  Since 
the  airglow  intensity  patterns  often  exhibit  substantial  N-S  extents,  we 
oriented  our  instrument  with  its  horizontal  mirror  axis  H  aligned  E-W. 

The  horizontal  mirror  axis  position  shown  in  Figure  1  yields  a 
sweep  of  half  of  the  horizon  (i.e.,  at  0°  elevation)  when  the  orthogonal 
mirror  turns  from  0°  (the  position  shown)  to  180°.  For  a  horizontal 
mirror  position  that  is  90°  from  that  shown,  the  motion  of  the  ortho¬ 
gonal  mirror  gives  a  zonal  sweep  (W  at  0°  elevation  —  zenith  -*  E  at  0° 
elevation).  In  practice,  more  limited  sweeps  were  used — typically  from 
20°  elevation  to  20°  elevation.  For  all-sky  maps,  a  39  x  39  element 
"rectangular"  array  was  swept,  with  a  dwell-time  of  0.3  s  at  each  posi¬ 
tion  in  the  sweep;  thus  one  all-sky  map  was  made  each  ~  13  minutes.  To 
trace  the  movements  of  the  airglow  depletions  as  a  function  of  time,  a 
39-step  zonal  sweep  (20°W  elevation  -»  zenith  -*  20°E  elevation  and  the 
reverse)  was  employed,  requiring  20  seconds  per  sweep. 

The  photomultipliers  were  operated  in  a  pulse-counting  mode;  the 
resulting  nightglow  intensity  data  (along  with  subsidiary  information 
such  as  look-angles)  were  processed  by  means  of  a  microcomputer  and 
stored  on  magnetic  discs  and/or  magnetic  tape.  Real-time  imaging  of  the 
sky-maps  was  provided  by  the  microcomputer  and  a  color  video  monitor, 
using  chromatic  gradations  to  indicate  intensity  differences. 
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Ill  NEUTRAL  WIND  DETERMINATIONS 


The  July  1979  weather  was  rather  rainy;  cloud  cover  presented  a 
problem  for  our  optical  measurements  on  a  number  of  nights.  By  working 
through  clear-sky  openings  in  the  partially  cloudy  sky,  however,  we  were 
able  to  obtain  useful  F-region  wind  measurements  on  many  nights--includ- 
ing  both  nights  that  the  instrumented  rockets  were  launched.  An  addi¬ 
tional  problem  was  that,  within  ~  45  minutes  after  astronomical  twilight 
(sunset  at  ~  300  km),  the  lower  edge  of  the  region  moved  up  to  rather 
high  altitudes  (>  350  km),  causing  a  very  rapid  decrease  in  intensity  of 
the  630.0-nm  radiation  [whose  origin  is  the  dissociative  recombination 
—  4*  *  1 

reaction  e  +  0^  -*  0  (  D)  +  0]  to  rather  low  values,  <  10  Rayleigh. 

The  intensity  recovered  just  before  midnight,  when  the  sinking  of  the  F2 

region  into  a  region  of  greater  0„  density  restored  the  recombination 

1  +  + 

(via  increased  molecular  ion  production  through  the  0  +  0^  -*  0  +  0^ 

charge  transfer  reaction),  typically  to  values  of  ~  100  Rayleigh. 

The  measured  F-region  winds  for  the  nights  on  which  we  have  ex¬ 
tensive  data  are  shown  in  two  series--as  separate  zonal  and  meridional 
wind  components  as  a  function  of  time  (Figures  2  through  6),  and  as 
polar  plots  of  the  position  of  the  tip  of  the  wind  vector  as  a  function 
of  time  (Figures  7  through  11).  Rather  different  wind  patterns  were  ob¬ 
served  on  each  of  the  nights,  with  the  winds  at  astronomical  twilight 
(~  8  hr  UT)  ranging  from  near-zero  in  value  to  >  100  m/s,  and  directed 
between  SE  and  S.  In  all  cases,  the  peak  neutral  winds  seemed  to  occur 
just  before  local  midnight  (~  11  hr  UT) ,  and  had  values  rar  '  ,  from 

160  m/ s  to  >  300  m/s.  The  zonal  wind  component  usuall'’  er  toward 

zero  or  reversed  sign  in  the  late  night. 

On  the  night  of  the  first  rocket  launch  (17  July  1979),  very  large 
zonal  winds  were  observed,  with  a  neutral  wind  of  ~  260  m/ s  at  ~  108° 
azimuth  (20%  below  the  peak  value)  at  the  time  of  rocket  launch  (1231  UT) . 
On  the  night  of  the  second  rocket  launch  (24  July  1979),  the  winds  at 
launch  (0957  UT)  were  near  the  maximum  value  for  the  night,  i.e., 

170  m/s  at  120°  azimuth.  The  geomagnetic  activity  on  17  July  was  moderate 
(IK  =  23-),  while  24  July  was  a  geomagnetically  quite  night  (IK  =  11+). 


FIGURE  3  ZONAL  ANO  MERIDIONAL  WIND  COMPONENTS  ON  20  JULY  1979. 
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FIGURE  4  ZONAL  AND  MERIDIONAL  WIND  COMPONENTS  ON  24  JULY  1979. 

The  rocket  launch  time  (0957  UT)  is  indicated  by  the  symbol  (r)  . 
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FIGURE  5  ZONAL  AND  MERIDIONAL  WIND  COMPONENTS  ON  25  JULY  1979. 

Note  the  difference  in  meridional  winds  observed  north  and  south  of 
Kwajalein  starting  at  1315  UT. 
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FIGURE  6  ZONAL  AND  MERIDIONAL  WIND  COMPONENTS  ON  28  JULY  1979 
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FIGURE  7  POLAR  DIAGRAM  OF  THE  POSITION  OF  THE  TIP  OF  THE  WIND 
VECTOR  AS  A  FUNCTION  OF  TIME  ON  17  JULY  1979,  INFERRED 
FROM  THE  SMOOTH  CURVES  DRAWN  THROUGH  THE  DATA  POINTS 
OF  FIGURE  2.  (An  example  of  the  wind  vector  is  drawn  at  1400  UT.) 
The  symbol  indicates  the  time  of  launch  of  the  instrumented  rocket. 
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20'  July  1979 
lKp  =24  + 


FIGURE  8  POSITION  OF  THE  TIP  OF  THE  WIND  VECTOR  ON  20  JULY  1979 
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9  POSITION  OF  THE  TIP  OF  THE  WIND  VECTOR  ON  24  JULY  1979.  The  symbol 
indicates  the  rocket-launch  time. 
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25  July  1979 
lKp  =  6 


FIGURE  10  POSITION  OF  THE  TIP  OF  THE  WIND  VECTOR  ON 

25  JULY  1979,  SHOWING  DIFFERENT  WIND  VECTORS 
OBSERVED  NORTH  AND  SOUTH  OF  KWAJALEIN 


FIGURE  11  POSITION  OF  THE  TIP  OF  THE  WIND  VECTOR  ON  28  JULY  1979 


Another  unusual  feature  of  the  neutral  winds  may  be  seen  in  Figures 
5  and  10,  which  show  the  data  for  25  July  1979.  Somewhat  after  local 
midnight,  at  1330  UT,  the  meridional  wind  components,  that  were  obtained 
in  nor th- looking  and  south- looking  observations,  diverged  in  value.  Be¬ 
cause,  for  a  630.0-nm  emission  height  of  300  km  and  an  instrument  line- 
of-sight  at  30°  elevation,  we  are  observing  regions  of  the  ionosphere 
that  are  separated  by  ~  1000  km,  this  difference  in  meridional  wind  (with 
a  smaller  value  south  of  Kwajalein),  may  be  evidence  for  flow  convergence 
in  the  circulation  of  the  upper  atmosphere  as  it  approaches  the  equator 
(e.g.,  a  vertical  circulation  cell).  However,  because  25  July  was  a 

very  quite  night  geomagnetical ly  (IK  =  6),  it  is  not  clear  why  unusual 

P 

flow  patterns  were  set  up. 

To  permit  comparison  witli  neutral  wind  measurements  from  previous 
years,  we  have  included  data  from  1978  in  Figures  12  through  La  (only 
zonal  winds  were  obtained  on  19  August  1978),  and  from  L977  in  Figures  15 
and  lb.  While  the  patterns  differ  in  detail,  even  on  successive  nights, 
there  are  qualitative  similarities.  For  example,  in  both  the  L977  and 
the  1979  data,  the  peak  neutral  winds  occurred  just  before  local  midnight 
(~  LI  hr  UT)--we  cannot  make  a  similar  comment  for  1978,  because  tile 
data  shown  do  not  extend  to  varLy  enough  times.  With  the  exception  of 
the  somewhat  fragmentary  2-t  July  L979  data,  all  measurem  nts  i.'.  'irate  a 
dying-away  of  the  eastward  zonal  wind  component  late  at  night,  with  an 
actuaL  reversal  to  a  westward-directed  component  before  dawn  on  three  of 
tile  nights. 


IV  bJO.O-nm  NIGHTCLOW  INTENSITY  MAPPING 

As  noted  in  Section  II,  the  sky-mapping  photometer  can  be  operated 
in  a  variety  of  modes--two  of  which  are  all-sky  mapping  (covering  the 
sky  down  to  ~  20°  elevation,  where  atmospheric  extinction  becomes  a 
problem)  and  zonal  scanning  through  the  zenith  to  provide  rapid  monitor¬ 
ing  of  the  movement  of  airglow  depletions  (which  are  known'  to  exhibit 
a  N-S  alignment,  often  with  a  large  extent  in  that  direction).  Thus,  we 
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FIGURE  13  POSITION  OF  THE  TIP  OF  THE  WIND  VECTOR  ON  18  AUGUST  1978 


FIGURE  15  POSITION  OF  THE  TIP  OF  THE  WIND  VECTOR  ON  20  AND  21  AUGUST  1977 


present  our  data  either  as  X  versus  t  plots  of  intensity  contours 
(Figures  17  through  21)  or  as  X  versus  Y  intensity  contour  "sky-maps," 
each  requiring  12  to  13  minutes  to  obtain  (see  Figures  22  and  23). 

The  nights  of  the  rocket  launches  (17  and  24  July  1979)  were  not 
sufficiently  cloud-free  to  permit  satisfactory  airglow  intensity  contour 
mapping.  However,  after  local  midnight  (~  12  hr  UT)  on  25  July  1979, 
the  sky  cleared  sufficiently  so  that  we  could  obtain  the  nightglow  maps 
shown  in  Figures  17  through  23.  A  continuous  set  of  zonal  sweeps 
(W  -•  Z  -•  E  and  return)  provided  an  X  versus  t  record  of  the  630.0-nm 
intensity  distribution  for  the  period  1215  to  1600  UT--this  record  has 
been  divided  into  Figures  17  through  21.  The  intensity  contours  are 
labelled  in  terms  of  counting  rates  (in  hundreds  of  counts/0.5  s;  a  rough 
calibration:  1  contour  unit  ~  5  R) .  At  the  bottom  of  each  figure  is  a 

distance  scale  based  on  a  300-km  emission  height. 

The  dashed  lines  in  the  figures  trace  the  motion  of  the  centers  of 
the  airglow  depletions.  The  slope  of  the  dashed  line  yields  the  zonal 
component  of  the  drift  velocities  of  the  depletion.  Values  ranging  from 
>  200  m/ s  at  1220  ITT ,  to  very  small  (~  0  m/s)  at  1355  UT  are  obtained 
from  the  figures.  It  is  interesting  to  note  from  Figure  5  or  Figure  10, 
that  at  1220  UT,  the  zonal  component  of  the  neutral  wind  was  only  ~  70  m/s, 
while  at  1355  UT  it  was  ~  100  m/s;  i.e.,  the  airglow  depletions,  at  times, 
drift  eastward  both  faster  than  and  slower  than  the  neutral  atmosphere 
in  which  they  originate.  Because  these  airglow  depletions  have  been 
associated  with  the  bottomside  of  the  "plumes"  (plasma  depletions  or  un¬ 
stable  plasma  regions),  which  give  rise  to  the  scintillation  regions  in 
the  ionosphere,  these  simultaneous  determinations  of  the  drift  velocity 
of  the  airglow  depletion  plus  the  F-region  neutral  wind  velocity,  provide 
valuable  data  for  comparison  with  the  theoretical  predictions  of  the 
plume  formation,  growth,  an^4  motion. 

For  completeness,  in  Figures  22  and  23  we  have  shown  two  examples 
of  all-sky  maps  that  were  taken  shortly  after  the  completion  of  the  X 
versus  t  scans  on  25  July  1979.  (The  vertical  and  horizontal  distance 
scales  are  unequal  as  the  result  of  an  artifact  in  the  video  plotting 
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500  200  2  200  500  km 


FIGURE  17  NIGHTGLOW  630.0-nm  INTENSITY  CONTOURS  OBSERVED  ON 
25  JULY  1979  IN  X  vs  t  PRESENTATION  FOR  THE  PERIOD 
~  1215  TO  ~  1300  UT.  The  contour  numbers  refer  to  hundreds 
of  counts/0.5  s  (approximate  calibration:  1  contour  unit  ~  5  R). 
A  distance  scale  based  on  a  300-km  emission  height  is  given  at  the 
bottom  of  the  figure. 
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FIGURE  18  NIGHTGLOW  630.0-nm  INTENSITY  CONTOURS  OBSERVED  ON 
25  JULY  1979  IN  X  vs  t  PRESENTATION  FOR  THE  PERIOD 
~  1300  TO  ~  1348  UT.  The  contour  numbers  refer  to  hundreds 
of  counts/0.5  s  (approximate  calibration:  1  contour  unit  ~  5  R). 
A  distance  scale  based  on  a  300-km  emission  height  is  given  at  the 
bottom  of  the  figure. 
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FIGURE  19  NIGHTGLOW  630.0-nm  INTENSITY  CONTOURS  OBSERVED  ON 
25  JULY  1979  IN  X  vs  t  PRESENTATION  FOR  THE  PERIOD 
~  1348  TO  ~  1431  UT.  The  contour  numbers  refer  to  hundreds 
of  counts/0.5  s  (approximate  calibration:  1  contour  unit  ~  5  R). 

A  distance  scale  based  on  a  300-km  emission  height  is  given  at  the 
bottom  of  the  figure. 
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NIGHTGLOW  630.0-nm  INTENSITY  CONTOURS  OBSERVED  ON 
25  JULY  1979  IN  X  vs  t  PRESENTATION  FOR  THE  PERIOD 
~  1431  TO  ~  1514  UT.  The  contour  numbers  refer  to  hundreds 
of  counts/0.5  s  (approximate  calibration:  1  contour  unit  ~  5  R). 
A  distance  scale  ba„-'d  on  a  300-km  emission  height  is  given  at  the 
bottom  of  the  figure. 
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FIGURE  21  NiGHTGLOW  630.0-nm  INTENSITY  CONTOURS  OBSERVED  ON 
25  JULY  1979  IN  X  vs  t  PRESENTATION  FOR  THE  PERIOD 
~  1514  TO  ~  1555  UT.  The  contour  numbers  refer  to  hundreds 
of  counts/0.5  s  (approximate  calibration:  1  contour  unit  ~  5  R). 

A  distance  scale  based  on  a  300-km  emission  height  is  given  at  the 
bottom  of  the  figure. 
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500  200  S  200  500  km 

FIGURE  22  ALL-SKY  630.0-nm  INTENSITY  CONTOUR  MAP  IN  X-Y  PRESENTATION 

FOR  1609  ±  6  UT  ON  25  JULY  1979.  Same  intensity  scale  as  in  Figure  17. 
The  symbol.  Z.  indicates  the  local  zenith.  Note  that  the  N-S  and  E-W  distance 
scales  are  not  the  same. 
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FIGURE  23  ALL-SKY  MAP  FOR  1655  i  6  UT  ON  25  JUL\  1979.  SAME  INTENSITY 
SCALE  AS  IN  FIGURE  17. 


program.)  At  1609  ±  6  UT  the  remnant  of  the  N-S-aligned  airglow  deple¬ 
tion  is  still  visible;  while  3/4  hour  later,  at  1655  ±  6  UT,  the  pattern 
is  approaching  the  smooth  concentric-ring  form  of  a  spatially  uniform 
630.0-nm  airglow,  with  the  van  Rijn  brightening  apparent  toward  the 
lower  elevations  (the  symbol  Z  in  the  figures  indicates  the  local  zenith). 


V  SUMMARY 

Detailed  intercomparison  of  the  present  results  on  F-region  neutral 
wind  vectors,  and  630.0-nm  airglow  depletion  morphology,  with  the  results 
of  the  other  investigators  who  were  involved  in  the  July  1979  Kwajalein 
Equatorial  Spread-F  Campaign,  awaits  the  presentations  at  the  March  18-19 
Final  Data  Review  Meeting.  For  example,  in  view  of  the  substantial  dif¬ 
ference  in  the  magnitudes  of  the  zonal  winds  at  the  times  of  the  two 
rocket  launches,  it  will  be  interesting  to  determine  just  how  the  struc¬ 
ture  and  behavior  of  the  plumes  compare  on  the  two  nights.  A  number  of 
general  conclusions,  however,  can  be  drawn: 

(1)  The  equatorial  neutral  wind  patterns,  that  were  obtained 
only  during  geomagnetically  quiet  or  unsettled  periods 
(Kp  S  5;  IKp  <  30),  in  most  instances  show  peak  neutral 
winds  of  <  180  m/s,  attained  at  ~  11  hr  UT. 

(2)  The  nighttime  zonal  winds  are  almost  always  directed  east¬ 
ward  and  die  away  late  at  night,  sometimes  reversing  to 
westward  near  dawn. 

(3)  The  wind  vector  patterns  exhibit  qualitative  features 
that  are  consistent  with  an  upper  atmosphere  circulation 
driven  by  solar  EUV  heating  (the  principal  energy  source 
under  nonstorm  conditions. 

(4)  The  300  m/s  F-region  winds  during  the  rocket-launch  night 
of  17  July  1979  appear  anomalously  large  for  a  non-storm 
period  (Kp  values  s  3+  were  noted  up  to  24  hours  before 
and  during  the  measuring  period). 

(5)  The  630.0-nm  airglow  depletions  are  readilly  mapped  and, 
to  the  extent  that  they  result  directly  from  the  plasma 
depletions  associated  with  the  bottomside  of  the  plumes, 
they  provide  a  simple  and  inexpensive  means  of  observing 
plume  development,  subsequent  motion,  and  decay. 
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I  INTRODUCTION 

Wideband  satellite  observations  of  equatorial  scintillation  at 
Kwajalein  were  made  on  a  regular  schedule  from  the  fall  of  1976  until 
the  fall  of  1979.  Complementary  measurements  were  made  at  Ancon,  Peru 
over  a  somewhat  longer  period.  Scintillation,  as  it  is  observed  at 
each  station,  occurs  with  a  pronounced  seasonal  variation.  Enhanced 
scintillation  occurs  only  over  a  seven-  to  eight-month  period  centered 
on  local  summer — July  at  Kwajalein;  December  at  Ancon.1 

The  most  intense  equatorial  scintillation  develops  shortly  after 
sunset.2’3  Severe  scintillation,  however,  persists  through  midnight. 
Because  of  the  sun-synchronous  Wideband  satellite  orbit,  only  the  mid¬ 
night  local  time  sector  is  sampled.  Nonetheless,  scintillation  at 
L  band  with  2  0.4  is  observed  in  2  to  4  percent  of  the  passes. 

There  is,  moreover,  a  close  association  between  equatorial  scintillation 
and  spread  F  in  general  and  gigahertz  scintillation  and  radar  backscatter 
''plumes''  in  particular. 

Gigahertz  scintillation  has  received  considerable  attention 
because  it  only  occurs  near  the  geomagnetic  equator.  To  explain  it 
using  the  conventional  theory  requires  rms  electron  density  variations 


References  are  listed  at  the  end  of  this  paper. 
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in  excess  of  40  to  50  percent  of  the  background.  Many  researchers  have 
been  reLuctant  to  accept  the  existence  of  such  large  perturbations. 

Special  scattering  mechanisms  have,  therefore,  been  Invoked  to  explain 
^  ^  6  *6  *7 

ln-situ  equatorial  electron  density  measurements  from  the  Atmo¬ 
spheric  Explorer-E  (AE-E)  satellite,  however,  clearly  demonstrate  the 
existence  of  extensive  regions  of  extremely  large  electron-density 
variations.  Moreover,  the  vary  large  total  electron  content  (TEC) 
variations  in  the  Wideband  satellite  data  can  only  be  explained  by  the 
presence  of  such  electron-density  structures.- 

A  major  objective  of  the  Wideband  satellite  has  been  the  quantita¬ 
tive  demonstration  of  the  relationship  between  the  in-situ  irregularity 
structure  and  the  observed  scintillation.  To  this  end,  a  large  data 
base  of  AE-E  satellite  data  has  been  processed  carefully  so  that  direct 
quantitative  comparisons  between  the  in-situ  data  and  Wideband  scintil¬ 
lation  data  can  be  made.  The  results  of  this  effort  are  described  in 
Sections  II  and  III  as  an  introduction  to  the  similar  analysis  that  has 
been  applied  to  the  data  from  the  DNA  1979  Kwajalein  rocket  campaign. 

A  quantitative  characterization  of  disturbed  propagation  environ¬ 
ments  generally  proceeds  from  the  spectral  density  function  (SDF)-- 
formally  the  (ensemble)  average  of  the  intensity  of  the  Fourier  transform 
of  the  random  process  of  interest.  The  three-dimensional  electron  density 
is  ultimately  the  desired  quantity,  but  only  one-dimensional  scans  can  be 
measured  and  the  full  three-dimensional  structure  must  be  inferred 
indirectly  or  through  modeling. 

In  Figure  1  a  schematic  representation  of  the  one-dimensional 
spatial  SDF,  $^(k)  is  shown.  The  figure  was  constructed  by  W.  G.  Chesnut, 
SRI  International.  A  similar  representation  has  been  used  by  Workman8 
who  used  a  slightly  different  nomenclature  for  the  various  spectral  do¬ 
mains.  The  very  large  scale- size  range  of  the  power-law  continuum  and 
the  large  dynamic  range  are  the  most  conspicuous  features  of  the  spectrum. 
This  creates  practical  problems  both  for  modeling  and  data  analysis. 
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In  this  respect,  the  AE-E  satellite  is  ideally  suited  for  sampling 
the  large-scale  structures  because  it  is  in  a  nearly  geomagnetic  east- 
west  orbit.  This  insures  that  the  scan  trajectory  relative  to  the  magnetic 
field  remains  nearly  constant  over  a  large  interval.  The  Wideband  satel¬ 
lite,  by  comparison  is  in  a  north-south  orbit  such  that  the  propagation 
geometry  relative  to  the  magnetic  field  changes  continually.  Moreover, 
there  are  a  number  of  assumptions  that  must  be  made  to  relate  the  phase 
SDF  to  the  in-situ  SDF. 

The  combined  RF-beacon  and  in-  itu  electron-density  measurements 
made  during  the  1979  Kwajalein  rocket  campaign  eliminate  these  difficul¬ 
ties  because,  at  least  on  the  up-leg,  the  scan  direction  and  the  propa¬ 
gation  path  are  nearly  coaligned  at  a  constant  angle  relative  to  the 
magnetic  field.  Thus,  all  geometrical  factors  are  complementary  and 
unchanging  so  that  direct  comparison  can  be  made.  The  measurement  itself 
is,  however,  unique  and  its  interpretation  does  not  follow  directly  from 
the  scintillation  theory  as  it  is  normally  applied.  This  is  discussed 
in  Section  IV  in  which  the  RF-beacon  spectral  data  are  presented. 

II  IN-SITU  ELECTRON  DENSITY  MEASUREMENTS  USING  AE-E 

This  section  summarized  the  results  of  a  detailed  analysis  of  13 
disturbed  AE-E  satellite  passes  over  Kwajalein  during  late  July  and 
early  August  1978.  A  more  detailed  account  can  be  found  in  Livingston 
et  al.9  An  example  of  the  measured  electron  density  is  shown  in  the 
upper  frame  of  Figure  2.  To  isolate  the  background  electron  density, 
a  low-pass  filter  with  a  sharp  cutoff  at  0.02  Hz  which  corresponds  to  a 
spatial  wavelength  of  ~  400  km  was  used. 

The  ljwer  frame  of  Figure  2  shows  the  residual  electron  density, 
which  admits  scale  sizes  between  400  km  and  2.6  km,  (the  spatial  interval 
corresponding  to  the  3-Hz  sampling  rate  used  in  the  low-resolution  AE-E 
data-taking  mode).  Because  of  the  occasional  very  abrupt  transitions 
from  low  to  high,  but  nearly  constant  electron  density,  the  settling 
time  of  the  filter  is  apparent  in  the  data  (arrows). 


Considerable  care  was  taken  in  the  data  reduction  to  insure  that 
such  features  do  not  affect  the  spectral  characterization  of  the  data. 
Spectral  analysis  was  performed  on  overlapping  85-s  (~  600  km)  data 
spans.  Spectral  fits  to  the  function  form 

_P1 

cpL(f)  =  Txf  1  (1) 

were  made  by  calculating  the  least-squares  fit  to  the  smoothed  log-log 

SDF  between  0.1  and  0.7  Hz.  This  frequency  interval  was  chosen  to 

minimize  noise  contamination  at  tho  high-frequency  end  and  detrender 

* 

effects  at  the  low-frequency  end.  This  is  illustrated  in  Figure  3  in 
which  a  comparison  of  two  detrends  for  a  typical  SDF  is  shown.  The  two 
spectra  give  essentially  the  same  results  for  T^  and  p^.  We  also  note 
that  there  is  no  evidence  of  a  tystematic  outer-scale  cutoff  up  to 
spatial  scales  approaching  300  km. 

To  further  test  the  consistency  of  the  estimates  of  T^  and  p^  as 
well  as  the  overall  conformity  to  the  power-law  model,  the  calculated 
rms  electron  density 
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was  compared  with  the  directly  measured  value.  The  results  were  corre¬ 
lated  without  bias,  indicating  general  conformity  to  the  power- law  model 
and  no  systematic  outer-scale  cutoff  within  the  spatial  frequencies 
admitted  by  the  detrend  filter. 

The  upper  frame  of  Figure  4  shows  a  plot  of  T^  against  the  universal 
time  of  the  pass  (local  midnight  at  Kwajalein  where  the  AE-E  satellite 
was  activated  occurs  at  1200  UT).  A  clear  decreasing  trend  in  perturba¬ 
tion  strength  from  premidnight  to  postmidnight  is  evident.  To  cast  the 
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2  1/2  _ 

result  in  more  familiar  terms,  in  the  lower  frame  <AN  >  /N  is  shown 

6  —  6  2  1/2 

plotted  against  universal  time.  Keep  in  mind  that  both  and  (AN^  >  , 

particularly  the  latter,  are  sensitive  to  the  detrend  filter  cutoff. 
Indeed,  the  scatter  about  the  linear  least- squares  fit  is  larger  for  the 
fractional  density  than  it  is  for  T^.  In  any  case,  it  is  clear  that  the 
average  perturbation  level,  however  quantified,  is  extremely  large. 

In  such  measurements,  however,  most  attention  has  been  given  the 
spectral  index,  p^.  Figure  5  shows  a  histogram  of  the  measured  p^  values. 
The  median  value  1.87  is  essentially  identical  to  the  value  (1.84  ±  0.1) 
reported  by  Dyson  et  al.*'  The  small  skew  in  the  distribution  toward 
the  smaller  p^  values.  ’  wever ,  merits  further  consideration. 

Thus,  in  Figure  t>  the  measured  p^  values  are  plotted  against  T^. 

Here  we  see  a  systematic  decrease  in  p^  with  increasing  perturbation 

strength.  It  is  obvious  from  this  behavior  that  we  are  not  sampling 

-2 

structures  dominated  by  steep  gradients.  That  is,  the  k  portion  of 
the  one-dimensional  SDF  (Figure  1)  does  not  extend  to  spatial  scales 
larger  than  a  few  kilometers.  Moreover,  the  spectral  index  varies 
systematically  with  perturbation  strength. 

To  make  direct  quantitative  comparison  to  scintillation  data  or 
other  in-si tu  data  we  calculate  the  equivalent  isotropic  turbulent 
strength.  That  is,  we  assume  that  the  three-dimensional  electron  density 
SDF  has  the  form 


ab  C 


$  (  K,  K  )  = 

AN  v  ’  z' 
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2l  v+0. 5 


(3) 


where  =  ("i?  tc 


Fremouw,11  a  and  b  are  axial  ratios  along  and  transverse  to  the  magnetic 
field,  and  q  is  the  outer-scale  wave  number.  As  long  as  q  »  q 

O  /q  ,  1  \  Q 

*  (q)  ~  ab  C  q  .  The  parameter,  C  ,  is  the  equivalent  isotropic 

AN  s  s 

turbulent  strength. 


<*■*,> 


(K,K  )  is  a  quadratic  form  defined  in  Rino  and 
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One  can  calculate  the  rms  electron  density  by  integrating  Eq.  (3) 


over  K  ,  and  The  result  is 


C  -  a^2  <«  2>  q2^2 

s  e  ^o  r(v-l) 


2  1/2 

To  provide  some  feeling  for  the  magnitude  of  Cg ,  in  Figure  7  (aN£  )  ' 

is  plotted  against  C  for  several  different  outer-scale  values  i  =  2n/q 

s  o  c 

T^  can  be  calculated  straightforwardly  from  Eq.  (3).  The  result  is 


C  r<v-0.5)  1 

T  =  — - 

1  4TT2r(\H-0.5)  v  (2tt/v  )2V'1 

P  P 
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where  v^  =  v  C  v  is  the  effective  probe  velocity.  If  the  irregulari¬ 
ties  are  isotropic,  then  v^  is  simply  the  magnitude  of  the  relative 
probe  velocity,  v.  If  the  irregularities  are  highly  elongated,  as  is 
the  case  at  the  equator,  then  v  is  very  nearly  equal  to  the  component 

— •  P 

of  v  normal  to  the  magnetic  field  direction. 

For  AE-E  the  satellite  scan  velocity  is  known  and  nearly  constant 
over  the  pass.  Moreover,  even  the  largest  irregularity  drifts  are  small 
when  compared  to  the  satellite  velocity  (~  7  km/s).  Thus,  the  relation¬ 
ship  between  and  T^  is  essentially  unique.  Rather  than  use  the 
measures  value  of  p^,  however,  we  used  the  median  value  as  determined 
from  the  Least  squares  fit  shown  in  Figure  6. 
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The  results  are  shown  in  Figure  8.  For  Cg  values  beyond  10  ,  one 

expects  significant  Levels  of  gigahertz  scintillation. 1“  Thus,  the 
disturbed  AE-E  passes  summarized  here  can  easily  account  for  all  the 
observed  gigahertz  scintillation  at  Kwajalein.  The  fact  that  the  spec¬ 
tral  index  varies  systematically  with  perturbation  strength  is,  however, 
a  new  result  that  has  not  previously  been  reported. 
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FIGURE  7  rms  ELECTRON  DENSITY 
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Ill  WIDEBAND  EQUATORIAL  SCINTILLATION  DATA 


The  first  order  in  terms  that  depend  on  the  Fresnel  radius,  the 
phase  scintillation  is  directly  proportional  to  the  integral  of  the 
electron  density  along  the  propagation  path.  It  can  be  shown**1  that  the 
one-dimensional  phase  SDF  cp(f)  has  the  form  Tf  ^  where 


T 


C  G 
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and 


P  =  2'- 


(8) 


In  Eq.  (7) 


C  -  r  Vi  C  (9) 

p  e  p  s 

is  the  phase  turbulence  level,  r e  is  the  classical  electron  radius,  a.  is 
the  wavelength,  and  is  the  length  of  the  propagation  path. 

The  parameter,  G,  is  the  geometrical  enhancement  factor.  It  varies 
from  unity  for  cross-field  propagation  to  a  for  field-aligned  propagation 
The  parameter  v  ^  behaves  similarly  to  v  .  For  example,  in  an  isotropic 
medium  v^  is  nearly  equal  to  the  component  of  the  scan  velocity  perpendic 
ular  to  the  line  of  sight.  In  general,  however,  v  ^  is  much  smaller  tha 
the  perpendicular  component  of  the  1 ine-of-sight  velocity;  moreover,  it 
depends  critically  on  the  irregularity  height. 

The  phase  spectral  index, ,p,  however,  is  simply  related  to  v. 

Indeed,  if  p^  =  2,  then  p  =  3.  One  of  the  earliest  findings  in  the 
Wideband  satellite  data  was  that  the  spectral  index  is  systematically 
less  than  3.  This  is  illustrated  in  Figure  9.“ 

Eqs.  (7)  and  (8)  have  been  applied  using  the  measured  values  of  T 
and  p ,  and  ionospheric  parameters  appropriate  to  the  nighttime  equatorial 
F  region:  a  lOO-km  thick  scattering  layer  centered  at  400  km,  and  an 
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irregularity  axial  ratio  of  100:1.  Figure  10(a)  shows  the  resulting  G 
distribution,  which  is  similar  in  shape,  but  shifted  upward  from  the  C 

s 

distribution  derived  from  the  in-situ  data  [Figure  8(a)],  In  Figure  10(b) 
the  phase  slope,  p,  has  been  plotted  as  a  function  of  C  ,  for  comparison 
to  the  in-situ  p^  versus  G^  [Figure  8(b)).  The  most  important  feature  in 
the  comparison  of  Figures  8(b)  and  10(b)  is,  perhaps,  that  both  experi¬ 
ments  show  nearly  identical  trends  in  the  decrease  of  spectral  slope  with 
increased  turbulence.  The  slope  of  the  least-squares- f i t  line  in 
Figure  10(h)  is  slightLy  steeper;  we  attribute  this  to  the  data  points 

r.ove  the  C  215-dli  level,  which  show  an  accelerated  shaLlowing  of 
s 

spectral  slope.  This  effect  is  caused  most  likely  by  diffraction. 

When  we  compare  the  separation  of  the  p^  and  p  indices  at  low  values 
of  (,’  ,  we  find  the  unity  separation  dictated  by  Kqs.  (6)  and  (8).  At 
higher  values  of  C  ,  this  separation  narrows,  probably  because  of  diffrac¬ 
tion  effects  in  the  phase  spectrum.  In  general,  however,  care  trust  be 
used  in  interpreting  this  slope  separation;  although  the  i n-si tu- imp  1 icd 
C  values  are  essentially  unambiguous,  the  phase- imp l i ed  values  depend 

highly  on  the  model.  Indeed,  an  upward  sli  i  f  t  of  r>  d  H  in  the  G__  values 

in  Figure  10  won  I  cl  bring  the  average  slope  separation  to  unity. 

As  for  absolute  turbulence  levels,  wo  believe  that  the  difference 

between  the  G  distributions  in  Figures  8  and  10  is  real  and  can  be 
s 

explained.  We  argue  that  for  the  data  sets  used  here,  the  Wideband 
satellite  sampled,  on  average,  much  more  intense  irregularities  than  AK-li. 
Consider  first  that  phase  scintillation  is  the  integrated  eflect  of  all 
the  contributions  along  the  propagation  path,  whereas  the  in-situ  data 
come  from  a  single  narrow  range  of  altitudes.  If  that  range  of  altitudes 
does  not  include  the  strongest  F-layer  turbulence,  the  in-situ  C  will 
generally  fall  below  the  values  deduced  from  the  scintillation  data. 

Second  consider  that  for  this  particular  data  set  the  strongest  scintil¬ 
lation  arises  from  penetration  locations  well  north  of  Kwajalein  (coinci¬ 
dent  with  the  equatorial  anomaly).  The  flux  tubes  intersecting  this 
region  are  well  above  the  AK-K  altitude  at  the  latitudes  sampled. 


We  conclude  that  a  completely  unambiguous  direct  comparison  of 
in-situ  and  phase- sc intil lation  turbulence  levels  is  not  feasible  with 
the  small  data  set  at  hand.  The  differences,  however,  can  be  explained 
and  would  most  likely  disappear  in  a  true  global  comparison  of  in-situ 
and  phase  scintillation  turbulence  levels.  The  most  important  result, 
however,  is  that  a  decreasing  spectral  slope  with  increasing  turbulence 
level  is  observed,  and  that  the  trend  matches  the  trend  observed  in  the 
in-situ  spectral  index  almost  exactly.  The  p-index  values  are  plotted 
against  the  corresponding  scintillation  index  to  reveal  any  systematic 
variation  that  might  indicate  contamination  of  the  measurement  caused  by 
diffraction  effects. 

The  systematic  flattening  of  the  spectra  at  the  very  low  values 
is  due  to  noise  contamination.  For  greater  than  0.4,  however,  there 
is  a  tendency  for  p  to  decrease  with  increasing  S^.  Initially,  we 
attributed  this  trend  to  diffraction  effects  and  chose  the  largest  p 
value  as  a  representative  median.  There  was,  however,  no  basis  for 
choosing  p  larger  than  2.5  to  2.6  for  Kwajalein  and  2.6  to  2.7  for  Ancon. 
That  is,  even  allowing  for  a  bias  caused  by  diffraction,  the  spectral 
index  remains  less  than  3. 

To  perform  a  detailed  comparison  between  the  AE-E  and  Wideband 
data  a  set  of  9  disturbed  passes  taken  during  the  July-August-1978 
period  were  selected  for  comparison.  To  eliminate  the  noise-contaminated 
p  values,  only  data  with  2  0.4  were  used. 

We  now  turn  to  the  spectral  analysis  of  the  rocket  beacon  and 
Langmuir  probe  data  obtained  during  the  DNA  1979  Kwajalein  Campaign. 

IV  ROCKET  BEACON  SCINTILLATION  ANALYSIS 

A.  Introduction 

PetriceksiJ  describes  the  rocket  beacon  experiment  in  detail.  In 
this  section  we  shall  discuss  the  scintillation  data.  To  extract  the 
scintillation  from  the  slower  trend-like  data  variations,  we  have  used  a 


detrend  filter  with  a  50-km  cutoff.  That  is,  in  the  scintillation  data 
we  preserve  all  Fourier  components  with  spatial  wavelengths  shorter  than 
50  km.  As  discussed  in  Petriceks 3  the  raw  data  have  been  interpolated 
onto  a  uniformly  sampled  spatial  grid  to  simplify  the  data  interpretation. 

For  reference,  Figure  11  shows  the  upleg  electron-density  profile 
derived  from  the  Langmuir  probe  data.  Also  in  the  figure  is  the  back¬ 
ground  profile  that  was  obtained  by  using  a  10-km  detrend  filter.  The 
shorter  detrend  interval  was  used  to  provide  better  definition  of  the 
large-scale  features  in  the  profile,  particularly  the  well-defined 
depletion  at  500  km. 

We  shall  be  concerned  mainly  with  the  phase  data  because  it  is 
most  simply  related  to  the  in-situ  data.  Neglecting  diffraction  effects, 
the  phase  perturbation  is  given  by  the  integral 

6:p(z)  =  rQX  ANe(p,Tl)  dTj  (10) 

o 

where  z  is  the  distance  along  the  propagation  path,  which  is  essentially 
coincident  with  the  upleg  rocket  trajectory. 

If  ANg(f),z)  remains  stationary  and  time  invariant  over  the  interval 
that  the  phase  data  are  being  accumulated,  it  follows  from  Eq.  (10)  that 


y  <  K  )  - 
6cp  z 


r  2X2  §,(K  )/K  " 
e  1  z  z 


(11) 


where  Is  the  one-dimensional  spectral  density  function  of  the 

beacon  phase  data.  Thus  if 


-P, 

)  =  T,'  K 
1  z  1  z 


(12) 


then 


,  -Pz 

i  (K  )  =  T  K 
6tp  z  z  z 


(13) 
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where 


Tz  =  re2x2ll  (14) 

and 

Pz  =  Px  +  2  (15) 

We  note  that  the  relationship  between  T1  and  T ^  does  not  depend  on 
geometrical  factors  [cf.  Eq.  (5)].  The  primes  are  used  to  indicate  that 
the  turbulent  strength  refers  to  spatial  wave  number  rather  than  temporal 
frequency  as  do  and  T,  as  defined  by  Eq.  (5)  and  Eq.  (7),  respectively. 
For  convenience,  we  shall  measure  spatial  wave  number  in  units  of  recip¬ 
rocal  length,  that  is  with  no  2rr  factor. 


B.  S,  and  a 
4  cp 

A  good  test  of  the  stationarity  of  ANe(£,z)  is  the  behavior  of 
and  ct^  as  a  function  of  z.  Because  these  summary  parameters  depend 
on  the  integrated  effects  along  the  propagation  path,  we  expect  a  mono¬ 
tonic  increase  in  both  S.  and  a  as  a  function  of  z.  Figure  12  shows 

4  cp  ° 

the  upleg  values  measured  over  40-km  overlapping  data  intervals.  The 
very  large  145  MILz  values  at  ~  350  km  are  due  to  deep,  persistent  fades 
(Petr iceksiJ ,  Figure  3),  and  are  probably  not  reliable  measures.  It  is 
clear,  however,  that  increases  monotonical ly  only  to  ~  350  km.  This 
behavior  is  more  clearly  seen  in  the  a  data  shown  in  Figure  13.  Before 
plotting  the  291-MHz  data,  it  was  scaled  by  the  wavelength  ratio  of 
the  291-MHz  and  437-MHz  signals  to  verify  the  expected  linear  dependence 

of  or  in  wavelength.  The  discrepancy  beyond  500  km  is  caused  by  "cycle 

cp 

slipping"  at  291  MHz  caused  by  the  severe  fading.  Beyond  350  km,  the 
scintillation  structure  shows  both  increases  and  decreases  that  suggest 
that  the  propagation  environment  was  very  dynamic  indeed. 


The  ALTAIR  backscatter  data  described  in  Tsunoda1"*  confirms  the 
dramatic  short-term  changes  that  were  occurring  on  the  lower  portion  of 
the  upleg.  It  appears  that  the  decrease  in  scintillation  at  350  km  is 
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caused  by  the  passage  of  a  depleted-density  region  into  the  propagation 
path.  This  is,  of  course,  not  reflected  in  the  probe  density  profile 
(Figure  11)  because  the  probe  was  already  above  the  altitude  at  which 
ALTA1R  showed  the  enhanced  backscatter  signature  that  has  been  associated 
with  depletions. 

It  is  also  significant  that  the  most  intense  scintillation  occurred 
on  the  lower  portion  of  the  upleg  where  the  background  densities  were 
highest.  In  fact,  we  shall  see  that  the  enhanced  scintillation  at  500  km 
cannot  be  attributed  to  the  depletion  there.  The  enhancement  is  most 
likely  caused  by  an  enhanced  structure  near  the  electron-density  maximum 
of  the  same  type  that  we  unambiguously  associate  with  the  scintillation 
enhancement  at  350  km. 


Spectral  Analysis 


We  now  turn  to  the  spectral  analysis  of  the  beacon  phase-scintillation 
data.  Extreme  care  was  taken  in  performing  the  spectral  analysis  to  en¬ 
sure  that  the  processing  itself  did  not  influence  the  final  and  P 
parameters.  Because  there  is  only  a  short  data  segment  means  that  con¬ 
tamination  owing  to  invariable  end-point  mismatch  is  always  a  possibility, 
particularly  in  an  environment  characterized  by  a  steeply  sloped  spectral 
density  function. 


To  test  for  end-point  effects  we  have  processed  the  data  using 
several  different  detrend  intervals.  Wc  found  that  the  results  did  in¬ 
deed  vary.  We  applied  a  second  linear  detrend  to  ensure  that  the  end 
points  matched  prior  to  the  actual  spectral  analysis.  We  also  tried  data 
windowing,  but  the  results  were  less  satisfactory.  As  an  aside,  standard 
windowing  is  effective  when  isolated  spectral  features  are  present. 

Where  low-frequency  spectral  content  is  important,  windowing  can  and  docs 
cause  spurious  results. 


In  Figure  14  wc  show  the  spectral  indices,  p^,  derived  by  using 
three  different  detrend  intervals.  The  p  index  was  derived  by  perform¬ 
ing  a  log-linear  least- squares  fit  to  the  measured  spectral  density  func¬ 
tion  over  the  spatial  wave-number  range  0.2  to  2.0  km  ^ .  This  is  well 
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FIGURE  14  PHASE  SPECTRAL  INDEX  pz  FOR  ROCKET 


below  the  detrend-filter  cutoff  (0.02  km  ^).  The  logarithmical  spacing 
of  the  contributing  data  points  in  the  least-squares  fit  does  not  sig¬ 
nificantly  affect  the  result.  The  results  consistently  indicate  that 
there  is  no  contamination  because  of  end-point  mismatch. 

The  first  point  to  note  is  that  the  p^  index  varies  systematically 

after  the  abrupt  onset  of  scintillation.  As  the  rocket-payload  penetrates 

the  bottom  of  the  F  layer,  p  decreases  from  ~  3.65  to  ~  3.1.  Around 

z 

~  350  km,  p  abruptly  increases  and  then  fluctuates  about  ~  3.8  until 
~  500  km,  at  which  p^  again  systematically  decreases.  The  regions  in 
which  the  systematic  decreases  in  p^  occur  are  precisely  the  regions  in 
which  pronounced  scintillation  enhancement  occur,  which  is  the  same  ef¬ 
fect  that  was  observed  in  the  Wideband  satellite  data  (Section  III). 

The  second  point  to  note  is  that,  except  for  the  region  between 

-2 

~  360  and  ~  500  km,  p^  is  well  below  4,  which  corresponds  to  a  K  one¬ 
dimensional  in-situ  spectral  density  function.  This  is  also  consistent 
with  the  Wideband  satellite  data.  It  is,  however,  more  interesting  to 
consider  the  in-situ  probe  data.  For  this  purpose  Utah  State  University 
kindly  made  the  Langmuir-probe  data  available  to  us.  The  Langmuir  probe 
does  not  give  an  absolute  electron-density  measurement,  but  this  is  not 
important  for  our  purposes  here. 

D.  Langmuir-Probe  Spectra 

A  density  calibration  for  the  Langmuir-probe  data  was  obtained  by 
comparing  it  to  incoherent  scatter  data  from  the  ALTAIR  radar.  The 
density  data  were  then  processed  in  exactly  the  same  manner  as  the  beacon 
phase  data.  The  consistency  of  the  estimated  p^  values  for  different  de- 
trend  intervals  was  better  than  that  obtained  from  the  scintillation  data. 
This  was  expected  because  the  more  intense  low-frequency  content  of  the 
phase  data  caused  by  its  steeper  spectral  index  [Eq.  (5)J  exaggerates 
the  end-point  mismatch  contamination. 

Figure  15  shows  the  measured  p  values  obtained  by  fitting  over  the 

L  -i 

spatial  wave-number  range  0.2  -  2.0  km  .  Superimposed  on  the  plot  is 

-  2 

o  '"  from  the  beacon  data.  The  agreement  is  very  good  through  340  km. 


1 22 


From  that  point  on  the  beacon  data  imply  generally  smaller  values  than 
the  in-situ  probe  shows  particularly  through  the  large  depletion  at 
500  km.  We  believe  the  discrepancy  is  due  to  the  strong  influence  on 
the  beacon  data  by  structure  at  lower  altitudes,  which  follows  the  vari¬ 
able,  more  shallowly  sloped  spectra. 

This  is  also  evident  in  the  behavior  of  the  parameter  for  the 
probe  data  shown  in  Figure  16.  The  T^  parameter  is  large  through  350  km 
at  which  it  begins  a  decline  throughout  the  rest  of  the  upleg  portion  of 
the  flight.  It  is  instructive  to  compare  the  T^  parameter  to  the  rms 
electron  density  and 

2  1/2 
>  /N 
e  e 


These  are  shown  in  Figures  17  and  18,  respectively. 


The  rms  electron  density  gives  essentially  the  same  picture  as  does 
T^.  Keep  in  mind,  however,  that  (AN^)  depends  on  as  well  as  the  de¬ 
tailed  structure  of  the  dominant  low-frequency  portion  of  the  spectral 
density  function.  It  is  a  good  approximation  to  take  [c.f.  Eq.  (2)] 


<AN2)  =  2 
e 


t; 


dq 


(16) 


Here  X  ~  40  km  because  the  data  interval  is  shorter  than  the  detrend 
o 

interval.  Because  of  the  large  variations  in  N  ,  however,  the  fractional 

variation  shwiwu^nf  Figure  18  can  be  very  misleading. 

* 

As  a  find.1  comparison  of  the  upleg  probe  and  beacon  data,  we  have 
used  Eq.  (L4)  and 


(2a) 


Pj.+l 


C  T(v  -  0.5) 

s _ _ 

2a  T(v  +0.5) 


(17) 


124 


TIME  AFTER  LAUNCH  — 
100  120  140  160  180  200 


RANGE  —  km 

FIGURE  17 

rms  ELECTRON  DENSITY  FROM  LANGMUIR 
PROBE  DATA 

n  r, - 

TIME  AFTER  LAUNCH  —  s 

100  120  140  160  180  200 

RANGE  —  km 

FIGURE  18  FRACTIONAL  rms  ELECTRON  DENSITY  FROM 
LANGMUIR  PROBE  DATA 


x  Tr:  -  •- 


from  Eq.  (5)  to  compute  the  three-dimensional  isotropic  turbulent  strength 

Pl+1 

C  from  the  beacon  and  Langmuir  probe  data.  The  (2a)  factor  allows 
s 

for  the  fact  that  Cg  is  computed  in  terms  of  the  usual  spatial  wavelength 
units  which  include  the  2n  factor. 

The  results  are  shown  in  Figure  19.  The  beacon  and  probe  Cg  values 
track  feature  for  feature  through  350  km.  The  beacon  Cg  values  are,  how¬ 
ever,  approximately  a  factor  of  four  higher,  which  possibly  indicates 
the  Langmuir  probe  calibration  is  a  factor  of  2  too  low.  Recent  results 
from  the  pulsed  plasma  probe  have  verified  this  result.  In  any  case,  the 
interpretation  of  the  structure  derived  from  the  beacon  and  probe  data 
agree  completely  from  the  lower  F  region  through  the  F-region  peak.  Be¬ 
yond  that,  the  probe  is  clearly  sampling  very  different  structures  (both 
in  intensity  and  spectral  distribution)  than  are  dominating  the  beacon 
data. 

E.  Downleg  Data 

On  the  downleg  portion  of  the  rocket  flight,  the  interpretation  of 
the  beacon  data  is  complicated  by  the  fact  that  the  rocket  velocity 
vector  develops  a  component  perpendicular  to  the  line  of  sight.  This  is 
illustrated  in  Figure  20  in  which  the  ratio  of  the  rocket  velocity  vector 
components  perpendicular  to  parallel  are  plotted.  Only  near  apogee  does 
the  perpendicular  component  actually  dominate. 

The  downleg  density  profile  is  shown  in  Figure  21.  Both  the  raw 
data  and  the  10-km  detrend  are  shown.  The  rocket  evidently  penetrated 
the  large  depletion  on  the  downleg  near  450  km.  Here,  however,  the  plot 
is  against  height  rather  than  range.  (On  the  upleg  the  differences  be¬ 
tween  height  and  range  are  small.)  The  downleg  data  were  actually  inter¬ 
polated  against  height  rather  than  range. 

Figure  22  shows  the  downleg  data.  Figure  23  shows  the  correspond¬ 
ing  a  data.  As  with  the  upleg  data,  there  are  Large  variations  in  scin- 

0 

tillation  structure.  Similarly,  the  downleg  p^  data  that  Figure  24  shows 
admit  large  systematic  variations.  The  tendency  to  smaller  p^  values 
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FIGURE  21  DOWNLEG  ELECTRON-DENSITY  PROFILE  FROM  LANGMUIR 
PROBE 
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FIGURE  22  INTENSITY  SCINTILLATION  INDEX  AT  291  MHz 
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FIGURE  23  rms  PHASE  AT  437  MHz  FOR  DOWNLEG 
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FIGURE  24  PHASE  SPECTRAL  INDEX  FOR  DOWNLEG 
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FIGURE  25  TURBULENT  STRENGTH  T,  FOR  DOWNLEG 


where  the  most  intense  scintillation  is  occurring  can  be  seen  from 
Figure  25  in  which  for  the  downleg  is  plotted. 

Figures  26  and  27  show  the  downleg  and  values  from  the  Lang¬ 
muir  probe  data,  respectively.  The  general  variation  of  is  very 
similar  to  the  corresponding  data  for  the  upleg  (Figure  16).  The  p^ 
values  are  consistently  less  than  2  below  400  km  as  was  the  case  for 
the  upleg.  Moreover,  the  lowest  p^  values  occur  between  250  and  350  km 
at  which  the  T^  values  are  the  largest. 

The  consistent  result  in  all  the  data  is  that  p^  (and  pz)  vary 
systematically  depending  on  the  perturbation  strength.  Correlations  of 
pz  with  p^  and  T/  and  T^  are  not  particularly  meaningful  on  the  downleg 
because  of  the  differences  between  the  rocket  trajectory  and  the  propa¬ 
gation  path.  The  general  pattern  is,  however,  quite  similar  to  that  of 
the  upleg. 

V  SUMMARY  AND  CONCLUSIONS 

In  this  report  we  have  presented  the  results  of  the  spectral  analy¬ 
sis  of  large-scale  equatorial  spread-F  structures  from  in-situ  AE-E 
satellite  measurements,  from  Wideband  satellite  phase  scintillation  data, 
and  from  rocket-beacon  and  Langmuir  data  obtained  during  the  DNA  1979 
Kwajalein  Campaign.  The  large-scale  regime  to  which  we  refer  here  en¬ 
compasses  spatial  wavelength  from  greater  than  50  km  to  less  than  500  m. 
This  structure  regime  causes  essentially  all  scintillation  effects  from 
VHF  to  L  band. 

The  results  that  have  emerged  from  these  analyses  were  quite  unex¬ 
pected.  Indeed,  they  show  that  the  structures  that  are  responsible  for 
the  most  intense  equatorial  scintillation  are  not  associated  with  the 
prominent  equatorial  backscatter  plumes.  Moreover,  the  spectral  struc¬ 
ture  verifies  that  steep  gradients  are  not  the  dominant  mechanism  that 
produces  these  very  intense  structures. 

The  most  consistent  feature  in  all  the  data  is  that  the  power-law 
spectral  index  that  characterizes  these  structures  systematically  decreases 


FIGURE  26  IN-SITU  SPECTRAL  INDEX  FOR  DOWNLEG 


FIGURE  27  IN-SITU  TURBULENT  STRENGTH  FOR  DOWNLEG 


as  the  turbulent  strength  increases.  In  all  cases  the  one-dimensional 
in-situ  power-law  index  is  less  than  the  steep-gradient-driven  value  2. 
This  effect  has  been  apparent  in  the  Wideband  satellite  phase  scintilla¬ 
tion  data  for  some  time,  but  it  was  attributed  to  diffraction  effects. 

By  using  the  empirically  derived  relation 

p  =  2.15  -  0.025  T(dB)  ,  (17) 

a  substantially  improved  fit  to  theoretical  predictions  of  the  intensity 
coherence  time  was  obtained.16  Moreover,  the  effect  of  a  varying  spec¬ 
tral  index  is  clearly  present  in  the  Wideband  frequency  coherence  measure- 

-  1  7 

ments. 

The  variable  spectral  index  is  confirmed  in  both  the  rocket  beacon 
data  and  the  Langmuir  probe  data.  In  the  lower  portion  of  the  rocket 
upleg  in  which  direct  comparisons  are  most  meaningful,  the  beacon  data 
and  the  Langmuir  probe  data  give  virtually  identical  results.  The  beacon 
data  show,  moreover,  the  very  dynamic  behavior  of  propagation  environ¬ 
ment,  which  may  be  a  clue  to  the  causal  mechanism  of  the  irregularities. 

In  any  case,  the  most  intense  scintillation  producing  irregularities 
occur  through  the  F-region  peak  (upleg  and  downleg)  in  high-density  re¬ 
gions  adjacent  to  the  backscatter  plumes. 

To  make  quantitative  intercomparisons  of  the  different  data  sets, 

we  have  used  the  isotropic  turbulent  strength  C  .  In  mks  units,  C 
20  s  s 

values  exceeding  10  are  required  to  produce  gigahertz  scintillation 

with  reasonable  layer  heights  and  thicknesses.  Values  in  this  range 

were  measured  in  all  the  data  sets.  Thus,  there  is  no  difficulty  in 

explaining  the  scintillation  levels  using  the  conventional  theory. 

Considerable  work  remains  to  be  done  in  establishing  the  interrela¬ 
tionships  among  the  depletions,  scintillation  structures,  and  1-m  irre¬ 
gularities.  The  spectral  characterization  of  the  large-scale  structures, 
however,  is  now  well  established. 
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ABSTRACT 

For  the  PLUMEX  I  rockets,  Utah  State  University  supplied 
a  relative  plasma  density  measurement  instrument,  a  Langmuir 
probe  operated  in  the  electron  saturation  regime,  and  a  vector 
electric-field  probe.  Both  instruments  worked  exceptionally 
well  and  obtained  an  excellent  data  set  with  which  to  study 
and  characterize  equatorial  spread  F.  The  usefulness  of  the 
data  set  is  particularly  enhanced  by  the  simultaneous  measure¬ 
ments  made  by  the  SRI  beacon  experiment,  the  ALTAIR  and  TRADEX 
radars  and,  of  course,  the  onboard  instrumentation.  A  short 
initial  report  emphasizing  the  unique  features  of  the  rocket/ 
radar  experiment  and  presenting  results  from  some  of  the  on¬ 
board  instrumentation  has  already  been  published.  It  will 
take  several  years  to  analyze  fully  and  report  the  data  ob¬ 
tained  to  the  scientific  community.  The  purpose  of  this  re¬ 
port  is  to  present  the  most  important  and  relevant  of  the 
experimental  data  to  the  Defense  Nuclear  Agency  in  a  timely 
and  usable  manner. 

We  have  concentrated  on  characterizing  the  structure  in 
the  medium  over  the  widest  range  of  spatial  scales  possible. 

To  achieve  this  goal  the  full  capability  of  the  plasma-density 
and  electric- field  design  was  necessary,  because  of  the 
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enormous  range  of  spatial  scale  (>5  orders  of  magnitude)  and 
signal  intensity  (>11  orders  of  magnitude)  that  the  spread-F 
phenomenon  exhibited  and  that  the  instruments  supplied  by  USU 
detected.  Four  different  telemetry  channels  were  used  to 
achieve  this  range,  each  with  different  sensitivities,  and 
each  with  different  wavelength  response. 


A  second  goal  was  to  compare  the  observed  in-situ  elec¬ 
tron  density  structure  with  the  SRI  International  beacon  ex¬ 
periment,  which  measured  directly  the  phase  scintillation  cre¬ 
ated  by  the  variations  in  medium  along  the  rocket  path.  The 
excellent  comparison  not  only  has  supported  the  results  of 
both  instruments,  but  has  built  confidence  in  the  theory  as 
applied  to  the  propagation  of  signals  through  disturbed  media. 


A  third  goal  was  to  learn  as  much  as  possible  about  the 
plasm.i  instabilities  and  nonlinear  processes  operating  in  equa¬ 
torial  spread  F.  An  important  tool  in  determining  wave  modes 
is  si- u  h  jiuviis  measurement  of  the  wave-number  spectrum  of  the 
elect ri l -t ield  and  plasma-density  fluctuations. 


I'he  most  important  results  to  date  are  summarized  as 
t o L lows : 


t  1  ) 


(3) 


l’he  wave-number  spectrum  of  topside  equatorial- 
sptead-F  density  irregularities  has  been  determined 
simultaneously  from  tens  of  kilometers  to  0.6  m. 

These  data  can  be  used  directly  by  the  communications 
channel  modeler  and  may  yield  new  and  important  re¬ 
sults  for  the  construction  of  nuclear  codes. 

The  accepted  k  ^  power  law  spectrum  at  the  kilometer 
scale  was  found  not  to  characterize  the  most  highly 
turbulent  and  most  intensity  disturbed  regions  near 
and  above  the  F  peak.  This  report  is  confirmed  by 
the  beacon  experiment  and  is  in  agreement  with  stu¬ 
dies  using  Wideband  and  AE  satellite  data.  The  9 
spectrum  slope  is  systematically  shallower  than  k 
in  the  most  intensity  disturbed  regions.  Kelley  and 
Ott  (1978)  predicted  such  a  decrease  in  slope  when 
velocity  turbulence  acts  on  zero-order  density  gra¬ 
dients  in  spread  F.  Further  analysis  of  the  electric- 
field  data  from  PLUMEX  I,  measuring  as  it  does  the 
velocity  field,  may  prove  or  disprove  the  importance 
of  velocity  turbulence  in  the  natural  case  and  perhaps 
by  analogy  in  the  nuclear  case. 


(3) 


The  simultaneous  elcCtric-field  and  plasma-density 
measurements  have  verified  experimentally  that  a 
plasma  instability,  other  than  the  pure  Rayleigh- 


Taylor  process,  operates  at  the  shorter  scales. 

This  has  long  been  conjectured  and  various  modes  have 
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been  suggested  as  part  of  a  "hierarchy  of  instabili¬ 
ties."  The  PLITMEX  I  data  show  that  a  type  of  drift 
mode  is  the  most  likely;  furthermore,  data  show  that 


the  spectral  form  steepens  at  wavelengths  below  100  m 
to  near  k"^  then  becomes  less  steep  again  below  a 
few  meters.  These  results  agree  with  radar  results 
at  3  m,  1.45  m,  and  0.36  m.  The  electric-field  data 


were  essential  in  determining  this  spectrum. 


I  INTRODUCTION 

In  this  report  we  present  results  from  the  plasma-density  fluctua¬ 
tion  and  electric-field  experiments  provided  by  Utah  State  University 
(USU)  on  the  PLUMEX  I  payload.  Both  experiments  worked  exceptionally 
well  on  Flight  I  and  we  concentrate  here  entirely  upon  that  data.  The 
separation  failure  on  Flight  II  precluded  lower-boom  deployment  and  the 
subsequent  attitude  deterioration  adversely  effected  the  upper-boom 
electric-field  data. 

There  were  two  aspects  of  the  system.  A  dc-probe  experiment  yielded 
a  relative  electron-density-profile  measurement  that  spans  the  wavelength 
regime  from  10  cm  to  several  hundred  kilometers.  This  was  done  with  a 
fixed-bias  Langmuir  Probe  to  collect  saturation  electron  current.  Either 
the  ALTAIR  radar  or  the  pulsed  plasma  probe  yields  absolute  density  data 
with  which  we  can  normalize  the  profile  obtained  from  the  dc  probe.  We 
have  used  the  ALTAIR  data  provided  by  SRI  International  to  normalize 
the  data  in  this  report.  Because  the  electric-field  can  be  used  to 
identify  spurious  effects  owing  to  changes  in  vehicle  potential,  this 
total  system  provides  an  inexpensive  and  effective  irregularity  detector. 
In  addition  the  high- f requency ,  6n/n  measurement  is  optimized  to  produce 
a  good  power  spectrum  at  short  wavelengths  using  instruments  and  tech¬ 
niques  for  wave  experiments  in  space  plasma. 

The  second  thrust  of  this  USU  experiment  involved  measurements  of 
the  vector  electric  field  from  dc  to  10,000  Hz.  This  corresponds  to 
scale  sizes  from  many  hundred  kilometers  down  to  fractions  of  a  meter. 

The  electric  fields  are  an  essential  feature  of  equatorial  spread  F  be¬ 
cause  without  the  velocity  field  created  by  the  E  x  B  drifts,  density 
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gradients  would  not  be  mixed,  and  no  irregularities  would  occur.  These 
fields  are  necessary  to  drive  the  bubbles  out  of  their  low-altitude 
region  high  into  the  topside.  Furthermore,  the  short-wavelength  back- 
scatter  is  almost  certainly  caused  by  an  electrostatic  instability  in 
which  electric  fields  also  are  of  essential  importance. 

Our  analysis  thus  far  has  taken  three  main  thrusts: 

(1)  The  long-wavelengtH  dc-probe  data  was  severely  affected 

by  the  attitude  control  pulses,  as  were  many  other  instru¬ 
ments.  The  times  when  this  occurred  were  identified  and 
removed  from  the  data  set.  A  new  data  tape  was  then 
identified  and  removed  from  the  data  set.  A  new  data  tape 
was  then  constructed  and  used  to  study  the  density  pro¬ 
files,  irregularity  spectra,  and  steep  density  gradients. 

This  study  was  performed  in  conjunction  with  SRI  and 
their  beacon  experiment  which  yields  a  similar,  although 
not  identical,  data  set  in  the  presence  of  irregularities. 

We  joined  our  analysis  so  that  differences  in  detrending 
technique  by  the  two  groups  would  not  affect  the  interpre¬ 
tation.  Some  overlap  occurs  between  the  two  reports  sub¬ 
mitted  at  this  time. 

(2)  The  high-frequency  electric-field,  6E,  and  plasma-density, 
6n/n,  fluctuation  data  are  in  analog  form  and  each  has  an 
automatic  gain  control  system  that  acts  to  maximize  the 
signal- to-noise  ratio  in  discrete  steps.  Sonograms  (fre¬ 
quency-time  spectrograms),  which  allow  a  quick,  qualita¬ 
tive  survey  of  the  important  wave  emission  events,  were 
first  produced  at  Stanford  University.  The  data  were 
then  digitized  and  FFT  routines  used  to  study  the  wave 
phenomena. 

(3)  The  dc  electric-field  data  correspond  t£  a  vector  sum  of 
the  ambient  electric  field  and  the  v  X  B  field  of  the 
moving  vehicle.  An  attitude  solution  using  the  gyro 
data  has  been  produced  and  the  v  x  B  field  subtracted. 

There  has  not  yet  been  enough  time  to  optimize  the  analy¬ 
sis  programs  and  to  remove  all  the  adverse  effects  of 
the  attitude  control  pulses;  hence,  the  results  are  still 
somewhat  preliminary.  We  anticipate  that  these  data  will 
give  new  insights  into  the  electrical  structure  of  dis¬ 
crete  bubbles  and  of  velocity  turbulence  near  the  F  peak. 


II  DATA  PRESENTATION 

A.  Density  Profiles 

The  current  measured  by  the  fixed-bias  Langmuir  probe  is  plotted  in 
Figures  1  and  2  as  a  function  of  altitude.  These  plots  yield  locally 
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FIGURE  1  UPLEG  PLASMA  DENSITY  PROFILE  FROM 
PLUMEX  I  NORMALIZED  TO  THE  ALTAI R 
INCOHERENT  SCATTER  DATA 


FIGURE  2 


DOWNLEG  PLASMA  DENSITY  PROFILE  FROM 
PLUMEX  I  NORMALIZED  TO  THE  ALTAIR 
INCOHERENT  SCATTER  DATA 
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valid,  relative  plasma-density  profiles  and,  when  normalized  at  several 
points,  reasonably  accurate  absolute  density  values.  These  piots  were 
normalized  to  the  value  measured  nearly  simultaneously  by  the  incoherent 
scatter  raaar  at  two  altitudes  separated  by  over  100  km.  The  normaliza¬ 
tion  factor  was  the  same  for  both  altitudes,  which  lends  further  validity 
to  the  plotted  profile.  The  postsunset  electron  temperature  rapidly  con¬ 
verges  to  the  neutral  temperature,  which  in  turr  admits  only  a  small  de¬ 
pendence  on  altitude  in  the  F  region.  Thus  the  weak  dependence  of  the 
electron  current  on  temperature  should  not  change  the  results  signifi¬ 
cantly  at  high  altitudes  where  we  concentrate  our  study. 

Several  features  of  tno  profile  are  immediately  apparent.  The  very 
dense  portion  of  the  profile  near  and  above  the  F  peak  is  extremely  tur¬ 
bulent  and  displays  variations  in  the  plasma  density  from  25  to  90  per¬ 
cent  every  few  kilometers.  Above  the  F  peak,  three  large-scale  highly 
structured  regions  of  low  plasma  density  were  penetrated.  The  highest 
of  these,  near  500  km,  was  collocated  with  a  region  of  intense  small- 
scale  irregularities  (0.16  m  and  0.36  m)  detected  by  the  ALTAIR  radar.1 
These  data1 thus  verify  the  conjectures  by  Kelley  et  al.°  and  Woodman 
and  La  Hoz4  that  holes  or  bubbles  are  the  seat  of  range-limited,  intense, 
short-wavelength  radar  backscatter  above  the  F  peak. 

The  remarkabLy  structured  nature  of  the  upleg  data  is  emphasized  in 
the  presentation  of  Figure  3  in  which  the  normalized  density  is  plotted 
with  a  linear  scale.  Here  it  can  he  seen  that  the  profile  is  not  uni¬ 
formly  disturbed.  SeveraL  quieting  periods  are  evident.  Also,  the 
shorter-scale  irregularities  tend  to  be  more  intense  in  regions  where 
the  local  density  gradient  is  directed  upward  (this  has  been  noted  also 
by  Szuszczewicz  et  al.~).  The  bars  indicate  regions  where  short  wave¬ 
length  waves  were  detected  in  the  range  5  to  100  m. 

The  upleg  data  were  detrended  using  a  50-km  detrend  interval  and 
power  spectra  computed  in  40-km  intervals  during  the  upleg.  One  example 
is  presented  in  Figure  4  and  the  whole  set  reproduced  in  Appendix  A. 

Some  of  the  features  of  these  data  are  discussed  in  the  companion  report 
by  Rino  et  al.,F  particularly  with  respect  to  the  simultaneous  beacon 
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FIGURE  3  PLUMEX  I  UPLEG  PLASMA  DENSITY  MEASUREMENTS  ON  A 
LINEAR  SCALE.  Regions  of  intermediate  wavelength  irregularities 
are  shown  with  the  dark  bars. 


data.  Some  features  are  evident  from  Figure  4.  Unlike  previous  power 
spectra  in  bottomside  equatorial  spread  F3  and  barium  cloud  structures7 
a  single  power  law  cannot  be  used  to  characterize  the  spectrum  above  the 
"deterministic"  region.  In  Figure  4,  two  distinct  power  laws  are  appar¬ 
ent  with  the  break  at  about  0.5  km.  The  long-wavelength  region  had  a 

-1.5  _3  9 

slope  varying  as  k  ’  while  below  3  km  the  slope  was  k  *  .  A  plot  of 

the  slope  between  0.2  km  ^  and  2  km  ^  plotted  in  Figure  5  with  5-km  reso¬ 
lution.  Below  the  3b0-km  altitude  the  spectral  index  was  well  below  the 
value  2  often  reported  for  ionospheric  irregularit  The  beacon  re¬ 

sults  are  in  excellent  agreement  with  the  probe  results.  These  data 
thus  cast  into  doubt  the  use  of  k  spectra  in  all  ionospheric  modeling 
cases . 

A  plot  proportional  to  the  integrated  power  in  the  range  0.2  to 
2  km  is  presented  in  Figure  6.  Comparison  with  Figure  5  shows  that 
regions  of  high  turbulence  coincide  with  the  shallower  spectral  slope. 
This  result  also  agrees  with  the  study  o£  AE  data  done  by  Rino  et  al.~ 

The  picture  emerging  is  that  highly  driven  plasma  instabilities  in 
the  ionosphere  need  not  be  dominated  by  sharp  gradients  on  the  dominant 
structures.  Other  factors  must,  therefore,  play  a  role  in  determining 
the  spectrum  and  result  in  a  more  "turbulent"  waveform.  Kelley  and  Ott* 
suggested  that  velocity  turbulence  acting  alone  on  the  zero-order 
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FIGURE  4  PLUMEX  1  UPLEG- -295.5  km.  An  example  of  the  long-vvavelength 
power  spectral  analysis  for  a  40-km  interval  centered  at  295.5  km. 

Note  the  distinct  break  in  the  spectral  form.  Many  more  examples 
are  in  Appendix  A. 

vertical  density  gradient  in  equatorial  spread  F  would  result  in  a  k”^ 
spectrum.  The  combination  of  velocity  turbulence  and  the  primary  process 
may  in  fact  cause  the  observed  k  spectrum. 

B.  Intermediate-Wavelength  Regime 

At  wave  numbers  above  2  km  \  the  spectral  slope  tends  to  be  steeper 

-2 

than  k  in  the  most  turbulent  regions.  To  study  this  further  a  number 


Integrated  Power  between  .2  and  2.0  km 


t 


of  4-s  intervals  were  studied  in  the  region  of  the  highest  topside 

i 

bubble  as  was  a  40-s  interval  including  the  whole  region.  The  full  in¬ 
terval  spectrum  is  plotted  in  Figure  7  and  selected  spectra  in  Figures  8 
(a  through  f).  Unlike  the  earlier  spectra,  the  data  have  been  analyzed 
in  the  time  domain.  Because  the  velocity  only  changes  by  3  percent  in 
a  4-s  interval,  constant  velocity  can  be  assumed  (~1200  m/s  in  the  inter- 
.  val  discussed).  There  is  clearly  a  tendency  for  higher  intensity  to  be 

associated  with  steeper  slopes  in  the  range  (4.9  to  49  Hz)  fit  by  the 
straight  line  in  the  plots.  This  is  shown  more  clearly  in  Figure  9  in 
■  which  the  straight  lines  have  been  replotted  and  labeled  by  numbers 

corresponding  to  those  in  Figure  8.  This  is  also  shown  in  Figure  10  in 
which  the  slope  and  signal  intensity  (log  scale)  are  plotted.  Large  sig- 
,  nal  strengths  correspond  to  steep  slopes  just  the  opposite  of  the  data 

in  Figures  5  and  6.  Notice  also  that  the  strongest  signals  are  on  the 
j  upper  edge  of  the  bubble. 

i  The  picture  emerging  is  that  the  most  turbulent  regions  are  charac¬ 

terized  by  shallower  spectral  slopes,  below  2  km  \  and  steeper  spectral 
>  -1  -2 

>  slopes,  above  2  km  ,  than  the  edge-dominated  k  spectrum.  This  result 

may  have  important  implications  for  modeling  of  the  nuclear  case,  which 
certainly  should  be  very  turbulent. 
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C .  Short-Wavelength  Waves 

Data  plotted  thus  far  have  come  from  the  dc-coupled  electron  Lang¬ 
muir  probe.  This  detector  output  is  sampled  every  millisecond,  but  the 
detectable  levil  corresponds  to  one  telemetry  bit  and  is  not  sufficiently 
sensitive  to  cover  the  enormous  dynamic  range  of  the  phenomenon.  This 
problem  io  not  unique  to  this  instrument,  but  is  inherent  in  any  dc- 
coupled,  absolute  or  relative,  density  measurement  system  presently 
available.  The  Utah  instrumentation  includes  a  channel  dedicated  to 
short-wavelength  waves.  The  intense,  long-wavelength  (low  frequency  in 
reference  to  the  rocket)  waves  are  electronically  suppressed  and  the 
shor t-wavelength  signals  are  enhanced.  Because  the  waves  are  electro¬ 
static,  the  electric-field  instrument  can  detect  them  and  it  also  has 
the  electronic  features  necessary  to  enhance  the  short-wavelength  waves. 
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FIGURE  7  POWER  SPECTRUM  FOR  A  40-s  INTERVAL  INCLUDING 
THE  BUBBLE  NEAR  500-km  ALTITUDE 


The  electric-field  sensor  was  more  susceptible  to  interference  from 
the  pulsed  plasma  probe.  For  reasons  not  completely  understood,  this 
interference  was  suppressed  inside  the  topside  bubble  near  500-m  altitude. 
Our  most  interesting  results,  therefore,  come  from  this  altitude.  Before 
presenting  these  data  let  us  comment  on  the  short-wavelength  waves  during 
the  rest  of  the  upleg. 

Referring  back  to  Figure  3,  the  dark  bars  show  regions  at  which 
density  fluctuations  in  the  frequency  range  10  Hz  to  200  Hz  (~100  m  to 
5  m)  were  found.  Comparison  with  the  density  profile  above  shows  that 
the  quietest  of  regions  was  bereft  of  these  waves.  Typical  spectra  are 
plotted  in  Figures  ll(a-c)  for  several  altitude  ranges.  For  reference  a 
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FIGURE  8  POWER  SPECTRA  FOR  4-s  INTERVALS 
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FREQUENCY  —  FU 

FIGURE  9  STRAIGHT-LINE  FITS  TO  THE  SPECTRA  IN  THE 
INTERMEDIATE-WAVELENGTH  REGIME  FOR  THE 
SPECTRA  IN  FIGURE  8.  The  numbers  correspond 
to  the  numbers  in  that  set  of  figures. 


line  with  slope  k  is  plotted  in  Figure  11(a).  The  spectral  index  is 

-2 

quite  steep  and  shows  that  an  extension  of  the  k  spectrum  is  not  a 
valid  estimator.  in  fact,  once  the  break  in  spectral  slope  occurs  from 
the  long-wavelength  regime,  it  is  not  possible  to  characterize  the  spec¬ 
trum  with  a  single  power  law.  We  discuss  this  point  more  fully  below. 

Note  that  the  turnover  at  long  wavelengths  (low  frequency)  is  due  to  a 
high  pass  filter  and  the  leveling  out  at  short  wavelengths  (high  frequency) 
is  the  noise  level  of  the  instrument. 

Comparison  between  electric-field  spectra  and  a  density  spectra  are 
presented  in  Figure  12(a-c).  The  electric  spectrum  is  clearly  Less 
•steep  than  the  density  fluctuation  spectrum.  The  following  argument  ex¬ 
plains  the  difference  in  the  spectral  slopes.  For  some  electrostatic 
waves,  such  as  the  drift  wave,  electrons  stream  along  the  magnetic  field 
lines  in  response  to  the  wave  electric  fields  and  obey  a  Boltzmann  dis¬ 
tribution  in  the  potential. r  This  implies  that  the  potential,  5p,  and 
the  density  perturbation  are  related  oy 
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FIGURE  10  PLUMEX  I  UPLEG  PLASMA  DENSITY,  SPECTRAL  SLOPE  AND  SIGNAL 
STRENGTH  DURING  PASSAGE  THROUGH  THE  BUBBLE  NEAR  500-km 
ALTITUDE,  (c.f.  Figures  8  and  9.) 


KT  /  6  n  \ 

‘  =t(t) 
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where  T  is  the  electron  temperature,  K  is  Boltzman's  constant,  and  e  is 
the  electron  charge.  Because  the  electric  field  is  the  negative  gradient 
of  the  potential,  we  have 

6  E  =  -V(60) 

6E  =  -i  k  60 

Thus  the  power  spectrum  (  c,  E )  ^ ,  should  be  two  powers  of  k  less  steep  than 
that  of  f>;n/n)".  The  PLUMEX  I  data  bear  out  this  prediction. 
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These  data  in  turn  strongly  argue  for  the  importance  of  this  type 
of  electrostatic  wave  in  equatorial  spread  F  for  wavelengths  below  100  m. 
The  source  of  free  energy  for  drift  waves  are  sharp  density  gradients. 
(Note  that  the  electric-field  and  plasma-density  fluctuation  spectra  in 
the  long-wavelength  Ray leigh-Tay lor  should  both  have  the  same  spectral 
form.1  °  Hudson  and  Kennel11  first  suggested  the  collisional  drift  mode 
and  Costa  and  Kelley12  made  some  additional  calculations  based  upon 
sharp  density  gradients  detected  on  the  bottomside  and  assumed  to  exist 
also  on  the  topside  during  the  intense  spread  F. 

As  mentioned  above,  we  have  concentrated  our  analysis  thus  far  on 
the  bubble  near  the  500-km  altitude  that  was  penetrated  during  both  the 
upleg  and  downleg  of  the  rocket  flight.  Backscatter  maps  made  by  R. 
fsunoda1  of  SRI  International  show  that  the  bubble  was  collocated  with 
the  most  intense  backscatter. 

Because  gradients  are  important  for  drift  waves  of  all  types  we 
have  studied  all  sharp  changes  in  plasma  density  exceeding  5  percent  and 
calculated  the  inverse-  gradient  scale  length  L  =  -y  ^7.  These  results 
are  plotted  in  Figures  13  and  14  for  both  passes  through  Lhe  highest 
bubble.  The  length  of  the  bars  at  the  left  are  equal  to  L  *.  On  the 
upleg,  two  regions  of  small  L  were  detected,  one  on  the  upper  edge  of 
the  bubble  and  one  interval.  Seven  examples  with  L  <  100  m  were  found 
and  33  more  with  100  m  <  L  <  200  m.  During  the  downier,  only  three  gra¬ 
dients  were  detected  with  L  <  100  m  and  seven  with  100  m  -s  L  <  200  m. 
Tsunoda1  found  that  Liu-  backscatter  had  decayed  by  9  dB  between  the  time 
the  rocket  entered  the  region  on  the  upleg  and  its  later  reentry.  These 
data  are,  therefore,  consistent  with  a  gradient  driven  process.  Further¬ 
more,  the  instability  will  act  to  destroy  the  sharp  gradients  eventually 
resulting  in  loss  backscatter  and  few  sharp  gradients,  as  observed  in 
the  experiment. 

liuba  it  al.'  pointed  out  that  ion-ion  collisions  will  damp  the 
pure  drift  waves  suggested  by  Cost  and  KeLley.-1'  ,:l  '  They  suggested  el  r  i  t  L 
cyclotron  and  lower  hybrid  drift  waves  and  presented  detailed  calcula¬ 
tions  in  a  iv, ore  recent  paper.1 
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FIGURE  13  UPLEG  PLASMA  DENSITY  PRO¬ 
FILE  IN  THE  HIGHEST  ALTITUDE 
BUBBLE  ALONG  WITH  THE  MEA¬ 
SUREMENTS  OF  THE  DENSITY  GRADIENTS 


FIGURE  14  DOWNLEG  PLASMA  DENSITY  PROFILE 
IN  THE  HIGHEST  ALTITUDE  BUBBLE 
ALONG  WITH  THE  MEASUREMENTS  OF 
THE  DENSITY  GRADIENTS 
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One  mystery  of  topside  spread-F  radar  measurements  is  that  the  ex¬ 
trapolation  of  3-m  scattering  levels  to  the  ALTAIR  (0.93  m  and  0.36  m) 
and  TRADEX  (0.11  m)  wavelengths  were  not  internally  consistent  with 
prior  probe  data.  On  the  one  hand,  the  Jicamarca  data  (3  m)  seemed  to 
require  a  steepening  of  the  spectrum  from  k  to  some  higher  index.16 
The  shorter  wavelength  data  were  not  consistent  with  a  continuation  of 
the  steep  slope,  however.1'  The  steep  slopes  at  intermediate  scales  re¬ 
ported  here  seem  consistent  with  the  suggestion  by  Woodman  and  Basu.16 

To  extend  our  present  study  to  the  shorter  scales,  we  must  rely  on 

the  electric- field  data  because  the  sensitivity  of  the  density  instrument 

2 

was  lower  because  of  the  steeper  spectrum.  A  (5E)  spectrum  obtained  at 

the  top  edge  of  the  bubble  near  500  km  is  plotLed  in  Figure  15  and  a  com- 
2  2 

posite  of  (5E)“  and  (6n/n)  in  Figure  16.  The  density  detector  is  at 
the  noise  level  above  200  Hz  (6  m) ,  but  the  electric-field  spectrum  is 
valid  up  to  2000  Hz  (0.6  m).  Close  inspection  shows  that  the  electric- 
field  spectrum  becomes  less  steep  at  wavelengths  less  than  about  2  m. 

This  suggests  that  a  source  of  free  energy  exists  at  very  short  wave¬ 
lengths.  The  arguments  above  indicate  that  the  lower  hybrid  drift  wave 
may  be  the  mode  operating  between  the  ion  and  electron  gyro  radii. 


Ill  A  COMPOSITE  SPREAD-F  SPECTRUM 

We  haw  taken  our  best  information  concerning  the  spectrum  from  the 
density  detectors  and  the  electric  field  sensor  and  produced  the  composite 
spectrum  in  Figure  17.  Figure  17  covers  5  orders  of  magnitude  in  spatial 
scale  and  eleven  orders  of  magnitude  in  signal  strength.  The  form  agrees 
amazingly  well  with  the  schematic  diagram  put  together  by  Chesnutt  and 
reproduced  in  Figure  18.  Note  that  the  full  spectrum  including  the 
shortest  scales  is  only  valid  in  and  around  the  bubble  at  the  highest 
altitude  because  only  there  was  the  electric-field  detector  free  from 
interference  by  the  pulsed  probe.  The  steep  density  spectrum  between 
b  m  and  00  m  is  common  throughout  the  flight,  however.  Deviation  from  a 
steep  spectral  form  for  6n  probably  occurs  in  regions  of  the  "electron 


FIGURE  15  ELECTRIC-FIELD  POWER  SPECTRUM  PLOTTED 
TO  5000  Hz.  Note  that  the  noise  level  is  not 
reached  until  about  2000  Hz  which  corresponds  to 
0.6  m. 


FIGURE  16  COMPARISON  OF  ELECTRIC-FIELD  AND  DENSITY 

SPECTRA  FOR  THE  SAME  INTERVAL  AS  FIGURE  15 


instabilities"  that  are  traced  by  the  ALTAIR  and  TRADEX  radars.  In  the 
PLUMEX  I  flight  the  most  intense  backscatter  of  this  type  occurred  in 
the  highest  bubble. 

One  important  difference  between  Figure  18  and  the  PLUMEX  I  results 
is  that  the  k  spectrum  becomes  less  steep  in  form  (e.g.,  k  )  in  the 
most  turbulent  regions. 
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Appendix  A 

SPATIAL  SPECTRA  DURING  THE  UPLEG 


Each  of  the  following  spectra  correspond  to  an  approximately  40-m  alti¬ 
tude  range  that  changes  by  about  10  km  for  each  of  the  consecutive  plots 
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FIGURE  A -6  PLUMEX  I  UPLEG  -  305.5  km 
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FIGURE  A-17  PLUMEX  J  UP  LEG  —  417.5  km 
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Appendix  B 


DC  ELECTRIC- FIELD  DATA 

This  analysis  is  more  complicated  since  the  measured  electric  field 
is  the  vector  sum  of  the  ambient  field  and  the  V  X  B  field  induced  by 
the  rocket  motion.  A  full  attitude  solution  is  thus  necessary.  This  is 
complicated  by  the  facts  that  the  vehicle  was  not  immediately  tracked 
and  that  the  altitude  control  system  operated  nearly  continuously. 

The  data  are  of  high  quality  and  we  have  confidence  that  ambient 
fields  will  eventually  be  determined.  For  example,  20  s  of  raw,  but 
calibrated  electric-field  data  are  plotted  in  Figure  B-l.  The  data  are 
from  the  upper  boom  pair  and  are  spin-modulated  because  of  the  vehicle 
rotation.  In  Figure  B-2  we  have  plotted  the  dot  produce  of  V  x  B  with 
the  same  antenna.  Except  for  a  phase  difference,  which  has  now  been  re¬ 
moved,  the  two  figures  are  nearly  identical. 

An  example  of  a  strong,  bubble-related,  electric-field  perturbation 
is  presented  in  Figure  B-3.  Clearly,  the  smoothly  varying  sine  wave  be¬ 
cause  of  E  +  (V  x  B),  where  E  is  the  unperturbed,  ambient  field,  under¬ 
went  a  major  change  inside  the  bubble.  Velocities  of  several  hundred 
m/ s  are  indicated.  We  plan  to  compare  the  structure  of  such  small 
bubbles  with  the  NRL  code  which  now  routinely  includes  electric-field 
calculations. 
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FIGURE  B-1  MEASURED  DC  ELECTRIC-FIELD  SIGNAL  IN  THE  SPIN  PLANE 


FIGURE  B-2  CALCULATED  V  X  B  SIGNAL  IN  THE  ROCKET  SPIN  PLANE 
FOR  THE  SAME  PERIOD  AS  FIGURE  B-1 
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ABSTRACT 


Coordinated  measurements  o£  equatorial  spread  F 
that  were  conducted  during  July  1979  at  the  Kwajalein 
Atoll  have  yielded  the  first  definitive  space-  and 
time-coincident  radar  and  rocket  observations  of  small- 
scale  irregularities  and  large-scale  plasma  depletions. 
The  results  have  shown  that: 

•  During  conditions  of  well-developed  equatorial 
spread  F, the  most  intense  in-situ  irregularities 
occurred  on  the  hot  toms  id e  F- layer  gradient. 

•  Within  a  large-scale  topside  F- layer  depletion, 
radar  backscatter  and  in-situ  irregularity  strengths 
maximized  near  the  upper  wall  of  the  depletion. 

•  Ion  composition  within  a  topside  depletion  provided 
signatures  of  its  bo 1 1 oms id e  source  domain  and  esti¬ 
mates  of  average  maximum  vertical  drift  velocity. 

For  long-lived  depletions,  iL  was  found  that 
molecular-ion  signatures  (N0+  and  O'*")  can  be  lost 
while  bottomside  levels  of  N+  can  be  maintained 
when  [0+"1  ==  Ne  »  [NO"*"1,  +  ro^p;  and  finally, 

•  Large-scale  fluctuations  of  0^  accompanied  by  a 
near-constant  level  01  N0+  and  0"!j  on  Lite  bottomside 
F- layer  gradient  suggests  that  neutral  atmospheric 
turbulence  is  not  a  major  source  for  bottomside 
ionospheric  plasma  irregularities  and  the  associated 
triggering  of  equatorial  spread  F. 


E.  0.  Mulburt  Center  for  Space  Research,  Naval  Research  Laboratory, 
Washington,  DC 

^  S  R I  Internal i onn 1 ,  Menlo  Park,  CA  9aOJj. 
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I  INTRODUCTION 


Accumulated  information  about  equatorial  spread  F  points  toward  a 
definite  causal  relationship  between  the  large-scale  depletions  (also 
referred  to  as  holes,  bite-outs,  or  bubbles)  and  observations  of  large 
ionospheric  domains  with  strong  radar  backscatter  returns  from  the  much 
smaller  (meter-size)  irregularities  (called  plumes).  Woodman  and  La  Hoz3 * 
and  Kelley  et  ai.'  have  suggested  that  a  plume  was  caused  by  a  rising 
bubble  leaving  behind  a  wake  of  short  wavelength  irregularities.  Another 
proposal  by  Szuszczewicz,0  arising  from  considerations  of  chemistry  and 
transport,  suggested  that  radar  returns  originate  across  density  gradients 
at  the  boundaries  of  large-scale  depletions.  This  concept  is  supported 
by  Ossakow  et  al.,‘;  who  inferred  that  a  rising  bubble  will  bifurcate  on 
its  topside  and  produce  shorter  and  shorter  wavelength  irregularities, 
either  by  a  cascade  or  two-step  median,  mi.  Experimental  evidence  support- 

u, 

ing  this  position  was  presented  by  Tsunoda,“  who  showed  that  radar  back¬ 
scatter  maxima  tend  to  occur  at  altitudes  corresponding  to  the  electron 
density  minimum  or  to  the  upper  wall  of  a  plasma  depletion.  More  recently, 
Tsunoda’  has  concluded  that  during  the  decay  phase  of  meter-scale  back¬ 
scatter  plumes,  the  radar  returns  were  maximum  on  the  upper  walls  of  the 
plasma  depletions. 

Efforts  to  examine  the  exact  relationship  between  radar  plumes  and 
ionospheric  depletions  by  performing  simultaneous  in-situ  and  ground- 
based  radar  observations" » ;  have  L  -on  Limited  to  conditions  of  bottom- 
side  spread  F  and  required  extrapolations  in  space  and  time  to  establish 
correlations.  As  expected  for  bottomside  spread  F,  the  in  situ  probes 
only  observed  plasma  fluctuations  along  the  portion  of  the  trajectory 
below  tin'  F-layer  peak  density  while,  the  ionosphere  above  the  peak  was 
quite  smooth. 


References  are  listed  at  the  end  of  this  paper. 


The  ion  composition  within  the  depletions  has  also  been  the  subject 
of  a  number  of  investigations.  Typically,  satellite  mass-spec trometric 

3 

observations  »  >'  have  shown  that  the  ion  composition  can  differ  vastly 
inside  and  outside  the  bite-outs.  Fe+  ions  may  be  enhanced  or  depleted, 
with  molecular  ions  usually  more  abundant  inside  the  bite-out.  Brinton 

e t  al.a  and  McClure  et  al.'  have  found  0+  depleted  by  as  much  as  a  factor 

3  +  + 

of  10  to  a  concentration  below  that  of  NO  .  The  molecular  ion  NO  was 

found  dominant  in  the  0+  depleted  region;  and  the  bite-outs  varied  from 
a  few  kilometers  to  tens  of  kilometers  in  width.  An  analysis  of  the 
Atmosphere  Exp lorer-C  data0  suggested  that  a  given  chemical  volume  on 
the  bottomside  F  layer  ([N0"l"'j,  [0*1  >  [0*j)  could  move  upward  through  a 
stationary  neutral  atmosphere  and  appear  at  higher  altitudes  as  a  bite- 
out  in  the  local  plasma  density.  As  the  bottomside  F-region  plasma  cell 
moved  upward,  the  relative  magnitudes  of  its  ionic  components  would  de¬ 
pend  on  the  transit  time  and  on  the  altitude  through  the  height  distribu¬ 
tion  of  the  neutral  gases.  This  model  was  consistent  witli  the  satellite 

z  ^ 

observations  as  well  as  the  computational  work  of  Scannapieco  and  Ossakow. 

To  understand  further  the  detailed  relationships  that  involve  large- 
scale  plasma  depletions,  meter-size  irregularities,  and  associated  ion- 
chemical  signatures,  a  rocket  payload  that  was  instrumented  with  a  plasma 
diagnostics  complement  (plasma  probes,  electric-field  sensors,  mass  spec¬ 
trometer  and  a  four- frequency  beacon  experiment)  was  launched  into  the 
topside  F-region  ionosphen  above  Roi -Namur  in  the  Kwajalein  Atoll  (4.3° 

N  dip  latitude).  The  investigation  was  part  of  a  major  effort  to  coordi¬ 
nate  the  rocket  and  ALTAIR  radar  observations  with  the  bottomside  sound¬ 
ings  and  ground-based  photometric  measurements  of  F-region  winds.  We 
present  the  initial  coordinated  observations  of  the  radar  plumes  and  the 
in-situ  measurements  of  the  rocket-borne  plasma  probes  and  mass  spectro- 
me  ter. 
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II  EXPERIMENTAL  RESULTS 


A.  Ionospheric  Conditions  and  Radar  Maps 

By  2100  LT  on  the  night  of  the  rocket  launch,  ionograms  showed  that 
the  nominal  bottomside  of  the  F  layer  had  risen  to  an  altitude  of  400  km. 
At  that  point,  the  F  layer  began  to  drift  downward  with  an  almost  imme¬ 
diate  occurrence  of  spread  F.  The  F  layer  continues  to  drift  downward 
(as  did  the  spread  F)  at  an  approximate  average  velocity  of  10  m/s.  The 
bottomside  F  layer  had  descended  to  an  altitude  near  270  km  when  the 
rocket  was  launched  (1231:30  UT  on  day  198;  0031:30  LT,  17  July  1979). 

Operating  at  155.5  MHz  (radar  backscatter  from  1-iti  field-aligned 
irregularities)  the  ALTAIR  radar  executed  consecutive  east-west  scans  in 
a  plane  that  included  the  penetration  of  the  rocket  upleg  trajectory. 
Figure  1  presents  the  contours  of  constant  backscatter  strength  plotted 
in  10  dB  increments.  (For  details  see  Tsunoda  et  al.*1).  The  first 
panel  in  Figure  1  show;  a  backscatter  plume  near  the  radar's  eastern¬ 
most  field  of  view.  That  plume,  with  its  highest  and  most  intense  back- 
sc  utter  region  near  510  km,  is  connected  to  backscatter  domains  that  ex¬ 
tend  down  to  the  bottomside  of  the  F  Layer.  The  second  panel,  with  a 
center  scan  time  137  s  later  than  the  first,  shows  the  intense  backscatter 
region  further  to  the  east,  indicating  an  eastward  velocity  of  IbO  m/s. 

In  the  third  panel  the  plume  has  moved  almost  completely  out  of  the  field 
of  view  of  the  radar  and  the  intense  region  near  510  km  has  decayed. 

B .  Rocket  Profile  and  Comparison  with  Radar 

The  rocket  payload  that  was  Launched  into  the  spread-F  conditions 
which  are  depicted  in  Figure  1  carried,  among  other  instruments,  a  quadru- 
pole  ion  mass-spectrometer  (from  the  Air  Force  Geophysics  Laboratory)  and 
a  pair  of  pulsed  pLasma  probes  (from  the  Naval  Research  Laboratory).  The 
pair  of  pulsed  probes  simultaneously  tracked  ion-  and  electron-saturation 
currents  while  generating  conventional  Langmuir  probe  characteristics. lc 
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ALTAIR  SCAN  TIME  (SEC  AFTER  LAUNCH) 


FIGURE  1  BACKSCATTER  INTENSITY  CONTOUR  MAPS  WITH  THE  ROCKET  TRAJECTORY  SUPERIMPOSED. 
Contours  are  in  10-dB  increments,  dark  gray  =  0  dB.  The  times  identified  with  Observations  A 
through  K  are  included  for  a  more  complete  representation  of  temporal  correlation  with  successive 
radar  scans. 


Figure  2  displays  the  upleg  measurements  of  relative  electron  density  as 
presented  by  electron-saturation  currents.  The  ordinate  has  a  linear 
scale  for  time-after- launch  with  altitude  superimposed  at  50-s  increments. 
(Because  ion-  and  electron-saturation  currents  have  significantly  differ- 
ent  sensitivities  to  velocity,  sheath,  and  magnetic-field  effects  vari¬ 
ations  in  electron  data  not  corroborated  by  ion  saturation  currents  were 
attributed  to  the  various  aspect  sensitivities  and  excluded  from  Figure  2. 
This  approach  facilitates  quick-look  analysis  and  establishes  credibility 
in  the  interpretation  of  the  curves  as  relative  electron  density  profiles.) 

The  profile  shows  that  the  payload  entered  the  very  bottom  of  the 

F  layer  at  t  s  103  s  (Z  240  km).  From  that  point,  to  an  apogee  near 

590  km  the  in-situ  measurements  revealed  a  number  of  plasma  depletions 

depicted  in  the  figure  as  Regions  C,  D-E,  F-G,  H-I,  and  J-K.  The  largest 

depletion  was  in  Region  H-I  where  AN  /N°  —  0.85  with  a  half-minimum  verti- 

0  0 

cal  extent  approximately  equal  to  23  km.  (The  density  ratio  was  scaled 
directly  from  the  electron  currents,  with  the  superscript  "zero"  identi¬ 
fying  an  undisturbed  value  extrapolated  from  regions  outside  the  hole.) 

In  the  regions  of  the  large-scale  depletions,  the  in-situ  probe 
measurements  (temporal  resolution  as  great  as  2  kHz)  revealed  much  smaller 
scale  irregularities.  The  central  plot  of  "irregularity  intensity"  in 
Figure  2  identifies  the  regions  of  smaller  irregularities  and  attempts 
to  establish  a  preliminary  quantification  for  their  intensity.  The 
"irregularity  intensities"  were  scaled  directly  from  analog  records  of 
probe-current  fluctuations  about  an  estimated  mean.  As  an  illustration, 
the  -4.0  to  +4.0  irregularity  intensity  within  Region  C  approximately 
represents  a  r80-percent  peak-to-peak  fluctuation  level  measured  in  that 
region  of  the  bottomside  F-layer  gradient.  (If  vehicle  potential,  plasma 
temperature,  and  mean  ion  mass  were  constant  during  the  irregularity  mea¬ 
surements,  then  I  cc  .V  .  More  quantitative  analyses  along  with  power 
spectral  densities  will  be  determined  for  future  publication.)  The  re¬ 
sults  show  that  the  most  intense  irregularities  occurred  on  the  bottom- 
side  gradient  (Region  C)  with  corresponding  measurements  at  all  other 
altitudes  at  a  much  lower  level.  We  note  that  the  fluctuations  in  the 
largest  depletion  (Region  H-I)  are  smaller  than  those  at  Region  C. 
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FIGURE  2  RELATIVE  ELECTRON  DENSITY  PROFILE  AS  MEASURED  BY  ELECTRON-SATURATION  PROBE 
CURRENTS  COLLECTED  ON  THE  UPLEG  TRAJECTORY.  The  "irregularity  intensity"  provides  an 
approximate  measure  of  smaller-scale  structure  as  scaled  from  analog  strip-chart  records  of  probe 
current  fluctuations.  The  inset  is  ion-mass-spectrometer  data  which  expands  Region  C  and  clarifies 
the  discussions  on  chemistry  and  turbulence. 


Furthermore,  the  fluctuations  at  Regions  C,  D,  E,  and  I  are  more  intense 
than  at  all  other  locations;  and  C,  D,  E,  and  I  are  collocated  with  posi¬ 
tive  density  gradients  of  larger  scale  features.  We  note,  with  reference 
to  the  mass-spectrometer  aperture  plate  current  in  the  inset  to  Figure  2, 
that  Region  C  is  not  one  narrow  bite-out  as  the  macroscale  plot  would 
suggest,  but  rather  a  region  of  intense  irregularities  on  the  bottomside 
gradient.  (The  chemical  features  will  be  discussed  later.) 

The  upleg  trajectory  of  the  payload  has  been  superimposed  on  the 
radar  maps  in  Figure  1  with  domains  A  through  K  (and  their  associated 
times  of  observation)  identified  on  the  panel  best  matched  for  time  co¬ 
incidence  with  the  radar  results.  A  step-wise  comparison  of  in-situ 
irregularity  observations  (Figure  2)  with  the  radar  maps  reveals  some 
interesting  correlations: 

Region  A  corresponds  to  the  lowest  position  of  the  bottomside  F- 
layer,  while  Region  B  is  midway  up  the  steep  bottomside  and  very  near 
the  point  of  maximum  positive  density  gradient.  Region  C  is  at  the 
boundary  of  the  third  highest  baekscatter  level  (30  dB),  and  appears  to 
represent  the  midphase  development  of  large-scale  Ray leigh-Tay lor  turbu¬ 
lence  (i.e.,  an  intermediate  stage  in  the  cascading  process).  Observa¬ 
tions  at  Region  D,  E,  F,  and  G  occur  along  the  western  "wall"  of  the 
plume,  and  encompass  an  altitude  domain  identified  with  the  F-layer  peak. 
Region  G  represents  tile  entry  of  the  payload  into  the  large-scale  deple¬ 
tion  centered  near  240  s  (490  km)  on  the  upleg  trajectory.  The  payload's 
transit  from  Region  G  to  Region  I  is  marked  by  a  positive  gradient  in 
baekscatter  radar  energy,  with  the  maximum  return  occurring  on  the  top¬ 
side  (Region  I  and  above)  of  the  11-1  depletion.  Above  the  large-scale 
depiction,  observations  "J"  and  "K"  begin  to  track  the  western  "wall"  of 
the  plume  in  the  topside  F  region. 


Ion  Gomposition 


Throughout  the  entire  F-region  domain  shown  in  Figure  2,  0  was  ob¬ 


served  to  be  the  dominant  ion  with  metallics  through  mass  56  always  being 

5 

less  than  1  part  in  10  .  From  points  of  view  focused  on  turbulence  and 


transport  the  chemical  constituency  of  two  regions  are  worthy  of  note: 
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In  the  H-I  depletion  on  the  topside  F-layer  the  major  observed  ion 

components  were  [0+]  0.998  N  ,  [N+]  ^  0.002  N  and  ( [N0+]  +  [0^])  < 

-4  e  e 

10  N  .  In  the  adjacent  domains  the  distribution  of  ions  was  different, 

i.e.,  outside  the  depletion  we  found  [0  ]  2;  0.992  N  ,  [N  ]  ^  0.007  N 

+  +  -5  6  6 

and  ([NO  ]  +  [O2])  <  (2  x  10  )  N^,  a  distribution  typical  of  the  quies¬ 

cent  ionosphere  at  those  altitudes.  While  we  observed  a  change  in  the 
overall  ion  composition,  there  were  no  major  differences  in  the  absolute 
levels  of  molecular  ions  within  and  outside  the  depletion. 

The  ion  composition  within  the  H-I  depletion  suggests  that  its  ori¬ 
gin  may  have  been  at  or  near  the  bottomside  F  region  where  [0+]  s;  [o"*"]^  ^ 
Such  a  region  exists  at  112  s  (Z  =  262  km)  on  the  upleg  trajectory  where 
it  was  observed  that  [NO**"]  and  [0^]  were  1  to  2  percent  of  N^.  That  the 
source  region  levels  of  N0+  and  0^  have  not  been  preserved  in  the  topside 
hole  results  from  their  losses  by  dissociative  recombination  and  by  a 
simultaneous  decrease  in  production  by  ion-atom  interchange  and  charge 
exchange  reactions  because  [N?]  and  [0^1  decrease  markedly  with  altitude. 
The  longer  it  takes  a  bottomside  depletion  to  move  upward  into  the  top¬ 
side  F-layer,  the  more  likely  the  elimination  of  molecular  ion  signatures 
when  [0+_|  w  Nc  »  ([N0+]  +  [0^D .  In  the  case  of  the  H-I  depletion,  a 
vertical  transport  time  greater  than  360  s  would  account  for  the  molecu¬ 
lar  ion  deficiency.  (To  arrive  at  this  estimate  we  assumed  an  instantane 
ous  displacement  of  the  bottomside  ion  composition  to  the  H-I  altitude 
and  calculated  that  in  about  6  min  the  molecular  ions  would  decrease  to 
concentrations  typically  found  on  the  topside.)  This  time  estimate  sug¬ 
gests  an  upper  limit  of  about  600  m/s  for  the  depletion's  average  verti¬ 
cal  drift  velocity,  a  value  which  is  consistent  with  the  wide  range  in 
predicted  bubble  rise  velocities.  1  >la 

Additional  information  pinpointing  source  domains  comes  from  the 
[0+n,/[N+  ratio.  Our  measurements  show  that  the  ratio  in  the  H-I  deple¬ 
tion  was  different  from  that  in  adjacent  domains  and  somewhat  smaller 
than  that  observed  at  the  262-km  level  where  the  N+  lifetime  is  about 
1  min.  This  suggests  that  the  initial  bubble  formed  on  the  bottomside 
gradient  when  it  was  at  a  higher  altitude  where  N+  lias  a  longer  lifetime, 
a  result  consistent  with  the  F-peak  time  history  leading  up  to  launch 
opera  t ions . 
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The  second  region  of  special  note  is  C  where  the  Figure  2  inset 

■j*  ■(• 

shows  that  N  and  0  followed  the  intense  plasma  density  fluctuations 
(indicated  by  aperture  plate  current)  while  the  molecular  ions  NO**"  and 
0+  did  not.  A  possible  explanation  rests  in  an  assumption  that  requires 
steady  state  chemical  equilibrium  in  an  0  dominant  domain.  (Molecular 
ions  in  Region  C  can  achieve  equilibrium  concentrations  in  less  than 
10  min).  Under  this  condition,  molecular  ion  concentrations  are  indepen¬ 
dent  of  0+  and  vary  only  with  the  scale  height  of  the  neutral  atmospheric 
constituents  N7  and  0^.  The  observations  conform  to  this  model  with  a 
standard  zero-order  atmospheric  distribution,  suggesting  that  neutral 
atmospheric  turbulence  is  not  a  major  source  for  the  observed  plasma 
fluctuations  on  the  bottomside  F  region. 

D.  Horizontal  Extent  and  Depletion  Decay 

Figure  3  presents  the  up-  and  downleg  profiles  of  relative  electron 
density  as  measured  by  in-situ  probe  electron-saturation  currents.  (The 
integrity  of  the  downleg  profile  was  established  by  the  same  procedure 
used  in  Figure  2.)  A  comparison  of  the  profiles  shows  very  good  agree¬ 
ment  in  the  two  observations  of  plasma  depletions.  The  H-I  observations 
were  separated  along  the  flux  tube  by  112  km,  while  the  C  Region  observa¬ 
tions  were  separated  by  168  km.  These  results  support  the  generally  ac¬ 
cepted  concept  of  plasma  depletion  flux-tube  alignment. 

A  difference  in  the  two  profiles  worth  noting  is  the  softening  of 
the  upper  wall  in  the  downleg  observation  of  the  H-I  depletion.  This 
result  correlates  very  well  with  the  decay  of  the  most  intense  radar  re¬ 
turns  in  the  510-km  region  of  Figure  1. 


Ill  COMMENTS  AND  CONCLUSIONS 

Space-  and  time-coincident  measurements  of  equatorial  spread  F  con¬ 
ducted  during  July  1979  at  the  Kwajalein  Atoll  have  yielded  the  first 
definitive  relationships  of  small-scale  irregularities  (at  1  m)  and 
large-scale  plasma  depletions,  measured  independently  throughout  the 
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FIGURE  3  COMPARISON  OF  UPLEG  AND  DOWNLEG  PLASMA  PROFILES 


F  region  by  ground-based  radar  and  in-situ  plasma  instrumentation.  Pre¬ 
liminary  analysis  of  the  results  leads  to  the  following  comments  and 
conclusions: 

(a)  Within  a  large-scale,  decay-phase,  topside  F-layer  deple¬ 
tion  in  which  in-situ  irregularities  were  reduced  (com¬ 
pared  with  the  topside  wall  of  the  depletion),  the  radar 
backscatter  energy  was  also  reduced  (compared  with  the 
topside  wall).  This  result  suggests  the  collocation  of 
maximum  radar  returns  with  the  upper  regions  of  a  deple¬ 
tion  (its  topside  wall  and  above)  and  not  with  the  deple¬ 
tion  minimum  or  bottomside  wall. 

(b)  The  in-situ  measurements  established  field  alignment  of 
large  scale  depletions  to  distances  at  least  as  great  as 
168  km.  This  result  supports  the  topside  sounder  data 
of  Dyson  and  Benson,1  °  the  airglow  observations  of  Weber 
et  al.,17  the  recent  radar  measurements  of  Tsunoda,5>6 

and  the  assumption  of  depleted  flux  tubes  in  the  theoreti¬ 
cal  considerations  of  Anderson  and  Haerendel.15 

(c)  Ion-composition  measurements  within  a  topside  depletion 
showed  little  evidence  of  bottomside  molecular  tracer 
ions  (i.e.,  N0+  and  0^) .  This  result  points  to  the  re¬ 
quirement  for  rapid  bubble-rise  velocities  and/or  low- 
plasma  densities  within  the  hole  if  the  bottomside  mole¬ 
cular  ion  composition  is  to  be  maintained  as  bubbles 
drift  upward  through  the  F  region. ~  However,  measure¬ 
ments  of  the  N+/0+  ratio,  found  to  be  different  inside 
and  outside  the  depletion,  helped  identify  the  lower 
altitude  domain  as  tie  source  region  for  the  topside 
bubble. 

(d)  Strong  irregularitie:  on  the  bottomside  F-region  gra¬ 
dient  showed  that  N-*”  and  0+  followed  large-scale  density 
fluctuations  while  the  molecular  ions  N0+  and  0^  were 
relatively  constant.  Preliminary  analysis  of  tRis  re¬ 
sult  suggests  chemiccl  equilibrium  and  eliminates  neu¬ 
tral  atmospheric  turbulence  as  a  major  source  of  the 
bottomside  plasma  ir  gularities. 

(e)  Bubble-rise  velocity  was  estimated  by  preliminary  chemi¬ 
cal  analysis  of  ion  composition  within  the  hole.  The 
analysis  suggests  an  upper  limit  of  600  m/s  for  the 
average  vertical  velocity  of  an  85-percent  depleted  do¬ 
main  (85  percent  on  the  topside,  100  percent  at  the  F 
peak)  as  it  drifted  upward  from  its  bottomside  source 
region  near  260  km  to  the  topside  F  layer  at  490  km. 

This  upper  limit  (generally  large  compared  with  observa¬ 
tions)  is  consistent  with  the  wide  range  in  predicted 

.  1  4  4  l  c 

values.  »  ’ 
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ABSTRACT 

PLUMEX  II  was  the  second  in  a  two-rocket  operation  that 
successfully  recorded  space-  and  time-coincident  measurements 
of  equatorial  spread  F.  The  first  launch  operation  (PLUMEX  I) 
was  conducted  during  the  late  phase  in  the  development  and 
decay  of  spread  F:  major  radar  plume  features  were  relatively 
stable  with  respect  to  vertical  drifts,  and  the  most  intense 
regions  of  radar  backscatter  were  beginning  to  decay.  The 
PLUMEX  II  conditions  were  substantially  different  from 
PLUMEX  I.  The  rocket  was  launched  into  the  midphase  of  well- 
developed  spread  F:  a  ground-based  ionosonde  showed  full- 
range  spread  while  ALTAIR  radar  maps  of  meter-size  irregu¬ 
larities  displayed  backscatter  plumes  that  penetrated  to  the 
topside  F  layer  and  continued  rising  with  time.  Current 
analysis  of  PLUMEX  II  results  show  that  a  number  of  iono¬ 
spheric  depletions  (AN  /Nc  <0.75)  were  distributed  throughout 
the  F  region  with  F^Viax  at  km  and  N^ax  rj  6  (10^)  cm”-*. 

Smaller-scale  irregularities  (i.e.,  small-scale  structure  im¬ 
bedded  in  larger-scale  features)  appear  less  intense  than 
corresponding  observations  in  PLUMEX  I.  If  substantiated  by 
more  quantitative  analyses,  this  result  could  support  current 
interpretations  of  east-west  plume  asymmetry,  which  suggests 
that  the  western  wall  of  a  plume  (the  PLUMEX  I  case)  is  more 
unstable  than  its  eastern  counterpart  (the  PLUMEX  II  case). 

N0+  was  the  dominant  positive-charge  ion  at  altitudes  below 
the  F-region  ledge.  Across  the  ledge  and  throughout  the  F 
layer  up  to  an  apogee  of  580  km,  0+  dominated.  The  ion  re¬ 
sults  support  a  model  of  a  Ray leigh-Tay lor  mode  that  assumes 
relatively  small  depletions  originating  on  the  F  ledge  with 
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initially  small  horizontal  extent.  In  this  model,  the  local 
ion  composition  will  be  transported  to  higher  altitudes,  but 
molecular  ions  will  not  be  the  dominant  positive  species. 


I  INTRODUCTION 

The  coordinated  measurements  of  equatorial  spread  F  that  were  con¬ 
ducted  during  July  1979  at  the  Kwajalein  Atoll  involved  the  launch  of 
two  instrumented  rocket  payloads  that  were  designed  to  probe  the  detailed 
in-situ  structure  of  the  turbulent  ionospheric  plasma.  The  first  launch 
operation  (PLUMEX  I;  17  July  1979,  0031:30.25  LT  )  was  conducted  during 
the  late  phase  in  the  development  and  decay  of  spread  F.  The  associated 
results  and  discussions  of  ground-based  and  rocket-borne  diagnostics  have 
been  presented  in  companion  papers.1 >2 ^  The  second  rocket  (PLUMEX  II: 

23  July  1979,  2157:30  LT)  was  launched  into  the  midphase  of  well-developed 
spread  F,  i.e.,  a  ground-based  ionosonde  showed  full-frequency  and  range 
spread  while  the  ALTAIR  radar  maps  of  meter-size  irregularity  contours 
displayed  backscatter  plumes  that  penetrated  to  the  topside  F  layer  and 
continued  rising  with  time.  We  present  here  the  initial  PLUMEX  II  ob¬ 
servations  of  radar  plumes  and  the  in-situ  measurements  of  the  rocket- 
borne  plasma  probes  and  mass  spectrometer.  The  results  are  then  compared 
with  PLUMEX  I. 


II  EXPERIMENTAL  RESULTS 

A.  Ionospheric  Conditions  and  Radar  Maps 

By  2000  LT  on  the  night  of  the  PLUMEX  II  launch,  ionograms  showed 
that  the  virtual  height  (h'F)  of  the  F  layer  had  risen  at  an  average 
rate  of  12  m/s  to  an  altitude  of  350  km.  At  that  point  vertical  drifting 
ceased  and  shortly  thereafter  full-range  spread  F  was  observed.  The 


"Local  Time  (LT). 

^References  are  listed  at  the  end  of  the  paper. 


virtual  height  remained  constant  until  2130  LT,  when  upward  drifting  again 
commenced  at  an  average  rate  of  18  m/s.  With  full-range  spread  F  still 
in  effect  and  with  the  F  layer  still  drifting  at  an  upward  rate  of  almost 
18  m/s,  the  PLUMEX  II  rocket  was  launched  (0957:30  UT  on  day  205;  2157:30 
LT,  23  July  1979). 

Operating  at  155.5  MHz  (radar  backscatter  from  1-m  field-aligned 

irregularities)  the  ALTAIR  radar  executed  consecutive  magnetic  east-west 

scans  in  a  plane  that  included  the  upleg  penetration  of  the  rocket  tra~ 

jectory.  Figure  1  presents  the  contours  of  constant  backscatter  strength 

plotted  in  10-dB  increments  that  range  from  0  dB  (domain  of  small  dots) 

to  50  dB  (solid  black).  The  first  panel  in  Figure  1  shows  backscatter 

returns  extending  from  350  to  1000  km,  with  the  most  intense  region  (50- 

dB  level)  centered  at  635  km.  A  measure  of  horizontal  and  vertical  drift 

velocity  can  be  achieved  by  focusing  on  &  (the  50-dB  region  at  635  km) 

and  Q  (the  20-dB  region  at  an  altitude  of  550  km,  and  125  km  west  of 

ALTAIR  in  the  first  panel).  In  the  135-s  time  lapse  between  the  radar 

measurements  in  panels  1  and  2,  the  observations  showed  that  V  (hor), 

a 

V  (vert)  as  290  m/s,  170  m/ s  and  V  (hor),  V  (vert)  e-  300  m/s,  150  m/s. 

o  8  8 

The  results  can  be  interpreted  as  an  average  magnetic  west-to-east  plume 

drift  velocity  of  295  m/s  (about  130  m/s  faster  than  corresponding  ob¬ 
servations  in  PLUMEX  I)  with  a  corresponding  average  upward  vertical 
drift  velocity  equal  to  160  m/s.  (Note  that  ionograms  showed  h’F  moving 
upward  at  an  average  rate  of  18  m/s  throughout  most  of  the  time  encom¬ 
passed  by  the  radar  maps  in  Figure  1.  Therefore,  one  concludes  that  the 
plume  was  drifting  upward  at  a  rate  of  162  m/ s  relative  to  the  F-layer 
bottomside.)  In  the  124-s  interval  between  Panels  2  and  3  the  average 
magnetic  west-to-east  drift  velocity  was  considerably  slower,  with  a 
rate  of  100  m/s.  During  this  same  interval  the  average  vertical  drift 
velocity  increased  to  270  m/ s  (252  m/s  relative  to  the  bottomside  F- 
region) . 

B .  Rocket  Profile  and  Comparison  with  Radar 

The  rocket  payload  that  was  launched  into  the  spread-F  conditions 
depicted  in  Figure  1  carried,  among  other  instruments,  a  quadrupole 
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ion-mass  spectrometer  and  a  pair  of  pulsed-plasma  probes  (see 

Szuszczewic'  and  Holmes2  and  Narcisi  et  al.  for  instrumentation  details 

and  the  payload  configuration).  The  pair  of  pulsed  probes  si nultaneously 

tracked  ion  and  electron  saturation  currents  while  generating  conventional 

Langmuir  probe  characteristics.2  Figure  2  displays  the  upleg  measurements 

0 

of  relative  electron  density  as  observed  simultaneously  by  electron  I 

B 

6  — 

and  ion  I  (V  )  saturation  currents.  Because  ion  and  electron  saturation 
currents  have  significantly  different  sensitivities  to  velocity,  sheath, 
and  magnetic-field  effects,  variations  in  one  polarity  current,  not  cor¬ 
roborated  by  the  other,  were  attributed  to  the  various  aspect  sensitivi¬ 
ties  and  were  excluded  from  Figure  2.  This  approach  facilitates  quick- 
look  analysis  and  establishes  credibility  in  the  interpretation  of  the 
curves  as  relative  electron-density  profiles.  It  also  proves  to  be  a 
valuable  technique  for  eliminating  the  otherwise  degrading  effects  of  un¬ 
controlled  payload  tumble  and  ACS  jet  firings  that  resulted  from  the 
failure  of  payload  separation  from  the  rocket  motor  in  PLUMEX  II.  The 
ordinate  in  Figure  2  has  a  linear  scale  for  time-after-launch  with  alti¬ 
tude  superimposed  at  50-s  increments. 

The  profile  shows  that  the  payload  entered  the  very  bottom  of  the 
F  layer  at  t  s  145  s  (Z  a  340  km),  Point  A  in  Figure  2.  From  there  to 
an  apogee  near  581  km  (t  =  390  s)  the  in-situ  probe  measurements  revealed 
a  number  of  irregular  structures  that  represented  significant  departures 
from  an  assumed  zero-order  (i.e.,  undisturbed)  ionospheric  profile.  Lo¬ 
cal  maxima  in  relative  electron  density  are  identified  in  Figure  2  by 
the  letters  B  through  F. 

The  upleg  trajectory  of  the  payload  has  been  superimposed  on  the 
radar  maps  in  Figure  1,  with  Regions  A  through  F  (and  their  associated 
times  of  observation)  identified  on  the  panel  best  matched  for  time  co¬ 
incidence.  A  step-wise  comparison  of  in-situ  observations  (Figure  2) 
with  the  radar  maps  shows  the  following  correlations: 

(1)  Region  A  in  Figures  1  and  2  corresponds  to  the  lowest  posi¬ 
tion  of  the  bottomside  F  layer,  a  result  which  colocates 
the  very  bottom  of  the  F-region  radar  returns  with  the  very 
bottom  of  the  F-region  ledge.  Before  PLUMEX  I  and  II  (an 


identical  correlation  was  found  in  PLUMEX  I),  there  were 
no  data  to  determine  their  collocation  or  lack  thereof. 

(2)  The  transition  from  Region  A  to  B  is  marked  by  a  20-dB 
increase  in  radar  backscatter  energy,  while  Region  B  to 
C  is  marked  by  a  relatively  constant  domain  of  back¬ 
scatter  energy. 

(3)  Observations  at  Regions  D,  E,  and  F  occur  along  the  east¬ 
ern  wall  of  the  plume,  and  encompass  an  altitude  domain 
approximately  identified  with  the  F-layer  peak. 

Figure  3  presents  the  up-  and  down-leg  profiles  of  relative  electron 
density  as  measured  by  in-situ  probe  baseline  electron  saturation  cur¬ 
rents.  (The  integrity  of  the  downleg  profile  was  established  by  the 
same  procedure  used  in  Figure  2.)  A  comparison  of  the  profiles  shows 
the  downleg  results  more  representative  of  an  undisturbed  F  region,  a  re¬ 
sult  consistent  with  the  west-to-east  movement  of  the  rocket  relative  to 
the  radar  plume.  This  relative  motion  (approximately  160  m/s)  carried 
the  rocket  payload  into  the  undisturbed  F  region  just  to  the  east  of  the 
observed  radar  plume  (i.e.,  into  the  white  region  on  the  eastern  edge  of 
the  first  panel  in  Figure  1).  We  note  that  the  downleg  profile  is  not 
significantly  different  from  the  assumed  zero-order  profile  superimposed 
on  Figure  2. 

A  comment  is  in  order  about  the  up-  and  down-leg  altitudes  that 
have  been  superimposed  at  50-s  intervals  in  Figure  3.  In  particular,  at¬ 
tention  is  directed  to  the  locations  of  the  very  bottom  of  the  two  F- 
region  ledge  observations ,  340-km  upleg  and  305-km  downleg.  Because  of 
the  9°  dip  in  the  local  geomagnetic  field,  the  downleg  observation  at 
650  s  corresponds  to  338  km  when  projected  along  the  magnetic-field  line 
to  the  payload  position  at  145-s  upleg,  a  result  showing  virtually  no 
net  movement  of  the  ledge  between  the  up  and  downleg  observations.  (We 
note  that  at  the  time  of  launch  ionograms  showed  h'F  rising  at  an  approxi¬ 
mate  rate  of  18  m/s.  This  vertical  drift  then  reversed  near  the  middle 
of  the  flight,  establishing  consistency  in  rocket  and  ionogram  results.) 

With  regard  to  ion  composition,  we  note  that  the  molecular  ion  N0+ 
was  the  dominant  positive-charge  component  at  altitudes  up  to  340  km,  the 
very  bottom  of  the  F-region  ledge  (A  in  Figure  2).  At  all  altitudes 
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FIGURE  3  UPLEG  AND  DOWNLEG  PROFILES  OF  RELATIVE  ELECTRON  DENSITY 


4 

above  340  km,  0  was  observed  to  be  the  dominant  ion.  (See  Narcisi  et  al. 
for  detailed  ion  profiles). 


Ill  CONCLUSIONS  AND  COMPARISONS  WITH  PLUMEX  I 


PLUMEX  II  was  the  second  in  a  two-rocket  operation  that  success¬ 
fully  performed  space-  and  tinie-coincident  measurements  of  equatorial 
spread  F.  Comparison  of  results  and  focus  on  differences  in  prevailing 
ionospheric  conditions  can  be  achieved  by  an  analysis  of  the  upleg  elec¬ 
tron  density  profiles  observed  in  the  two  operations  (PLUMEX  I  and  II). 
These  profiles  are  presented  in  Figure  4  with  the  specific  features  and 
conditions  of  the  observation  listed  in  Table  1. 

•  Spread-F  conditions.  PLUMEX  I  was  conducted  during  the  late 
phase  in  the  development  and  decay  of  spread  F.  Specifi¬ 
cally,  the  rocket  was  launched  at  0031:30.25  (LT),  a  full  3 
hrs  after  the  occurrence  of  full  range  spread  and  only  30 
min  before  its  disappearance  from  ground-based  ionograms. 

Major  plume  features  were  relatively  stable  with  respect  to 
vertical  drifts,  and  the  most  intense  regions  of  radar  back- 
scatter  were  beginning  to  decay. 

The  PLUMEX  II  conditions  were  substantially  different,  with 
the  rocket  having  been  launched  into  the  midphase  of  well- 
developed  spread  F,  i.e.,  a  ground-based  ionosonde  showed 
full  frequency  and  range  spread  while  the  ALTAIR  radar  maps 
of  meter-size  irregularity  contours  displayed  backscatter 
plumes  that  penetrated  to  the  topside  F  layer  and  continued 
rising  with  time.  The  payload  was  launched  1-1/2  hrs  after 
the  onset  of  full  range  spread  and  an  estimated  2  hrs  be¬ 
fore  decay. 

•  F-region  profiles  and  in-situ  irregularities.  In  the  0 
PLUMEX  I  operation,  a  number  of  major  depletions  (^Ne/Ne  < 

0.90)  were  distributed  throughout  the  F  region  with  the 

F  peak  (F2hmax)  at  375  km  and  N^ax  =  1.3  x  106  cm"3  i  10%. 

The  very  bottom  of  the  F  layer  (F  bottom)  was  at  240  km  and 
the  macroscopic  gradient  scale  length  L" '  -  (N°)"3  dN°/dz 
of  the  bottomside  ledge  was  4  km.  (The  macroscopic  L  was 
calculated  from  a  zero-order  fit  to  the  bottomside  ledge 
between  10"3  and  10" 3  N^aX.)  The  electron  energy  distribu¬ 
tion  was  characterized  by  Te  =  1350  K  (1250  K)  with  no  ob¬ 
vious  signatures  of  energy  redistribution  in  and  around 
the  depletions.  The  most  intense  in-situ  irregularities 
(i.e.,  smaller-scale  structure  imbedded  in  the  larger-scale 
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ASSUMED 

ZERO  ORDER  PROFILE 


PLUMEX  1  AND  II  UPLEG  ELECTRON-DENSITY  PROFILES 


Table  1 

A  COMPARISON  OF  CONDITIONS  AND  OBSERVATIONS 
IN  THE  DNA/PLUMEX  CAMPAIGN 


Rocket 

Observations 

PLUMEX  I 

PLUMEX  II 

Launch  Time  (LT) 

17  July  1979;  0031:30.25 

23  July  1979;  2157:30 

Spread-F 

Late  time;  topside  radar 

Midphase  of  well- 

Conditions 

plume  in  decay  phase 

developed  spread  F; 
plumes  penetrating  to 
topside  and  rising  with 
time 

h 

F,}  max 

375  km 

510  km 

F  bottom 

240  km 

340  km 

Nmax 

e 

1.3  x  106  cm-3 

r  in5  “3 

%  o  x  cm 

L  (Gradient  scale 

4 . 0  km 

8 . 6  km 

length) 

T 

1350  K  (-250  K) 

TBD 

+ 

Dominant  F^  ion 

0 

0 

Number  of  depletions 

0.90 

0.75 

( aN  /N°)  max 
a  e  e 

In-situ  irregularity 

±  80  percent  fluctua- 

Fluctuation  levels  appear 

strength 

tions  on  bottomside 

much  less  intense  than 

gradient 

PLUMEX  I;  detailed  analy¬ 
sis  TBD 

Ion  signatures  in  holes 

N+/ 0+  ratio 

TBD 

Plume  penetration  by 

Western  wall  and  plume 

Eastern  wall 

rocket 

head 

I 


depletions)  occurred  near  275  km  on  the  bottomside  ledge 
(±  80  percent  fluctuations  about  an  estimate  N°).  The 
power  spectral  density  in  this  region  of  intense  irregu¬ 
larities  on  the  bottomside  was  dominated  by  a  k-^*^  power 
law  over  the  intermediate  wavelength  domain,  k  =  2 ji/  1000 
to  k  =  2ic/25  m“l.  This  result  supports  the  role  of 
the  collisional  Ray leigh-Tay lor  instability  in  generating 
intermediate  wavelength  irregularities2*5  during  the  occur¬ 
rence  of  equatorial  spread  F  (see  Szuszczewicz  et  al.  and 
Szuszczewicz  and  Holmes2  for  additional  details.) 

The  PLUMEX  II  data  have  not  yet  received  the  same  level  of 
analysis  already  applied  to  the  PLUMEX  I  data,  a  result 
largely  caused  by  the  complications  of  uncontrolled  payload 
tumble  and  ACS  jet  firings  that  arose  when  a  subsystem 
failed  to  separate  the  payload  from  the  second-stage  rocket 
motor.  A  number  of  important  conclusions  can,  however,  be 
drawn  at  this  time.  In  the  upleg  density  profile  (Figures  2 
and  4)  of  the  PLUMEX  II  flight,  a  number  of  depletions 
(ANe/Ng  ,g  0.75)  were  distributed  throughout  the  F  region 
with  the  F  peak  (Fg^max)  at  510  km  and  %  6  x  10^)  cm 

In  PLUMEX  II  the  bottomside  gradient  was  substantially  softer 
than  in  PLUMEX  I  with  F  bottom  at  340  km  and  L  =  8.6  km.  A 
qualitative  review  of  analog  records  (uncorrected  for  tumble 
and  jet  firings)  indicates  that  smaller-scale  in-situ  irre¬ 
gularities  were  much  less  intense  than  corresponding  obser¬ 
vations  in  PLUMEX  I.  This  result,  if  substantiated  by  a 
more  complete  analysis,  will  support  current  interpretations 
(e.g.,  Tsunoda6)  of  cast-west  plume  asymmetry  which  suggest 
that  the  western  wall  of  a  plume  (the  PLUMEX  I  case)  is  more 
unstable  than  its  eastern  counterpart  (the  PLUMEX  II  case). 

Ion  composition.  PLUMEX  I  and  II  provided  the  very  first 
vertical  profiles  of  ion  composition  during  the  occurrence 
of  equatorial  spread  F.  The  data  pertain  particularly  to 
the  subjects  of  plasma  bubble  formation,  vertical  transport, 
and  ion  signatures  of  source  domains  for  topside  F-region 
depletions.  Previous  in-situ  measurements  of  ion  composition 
within  plasma  depletions  came  only  from  satellite-borne  mass 
spectrometers'*  ~p  with  results  that  suggested  that  topside 
holes  formed  at  lower  altitudes,  where  [N0+j,  [O^l  >  [0+], 
and  rise  to  greater  heights  maintaining  (to  the  first  order) 
their  original  ion  composition.  In  the  final  analysis,  the 
composition  can  be  different  because  it  depends  on  the 
bubble- formation  process,  the  source  domain,  and  the  bubble 
age  as  manifested  by  time-dependent  chemical  processes. 

In  both  PLUMEX  operations  0+  was  the  dominant  F-region  ion 
down  to  the  very  bottom  of  the  F  ledge  (F  bottom).  At  alti¬ 
tudes  below  F  bottom,  molecular  ions  dominated  with  a  scale 
height  that  approached  infinity.  (Detailed  ion  chemical  re- 
sulta  and  analyses  that  go  beyond  discussions  presented  here 
are  available  in  Szuszczewicz  ct  al.1  and  Narcisi  et  al.4 


.  i  • . 


The  connection  of  the  foregoing  observation  to  topside  bub¬ 
bles  and  instabilities  mechanisms  is  that  the  Rayleigh- 
Taylor  and  E  x  B  gradient  drift  instabilities,  which  have 
been  proposed  for  bubble  formation,  require  a  steep  bottom- 
side  gradient.  The  PLUMEX  results,  however,  show  that  the 
molecular  ions  are  dominant  only  at  altitudes  below  the 
bottomside  F-region  gradient,  where  scale  heights  are  very 
large  and  inhibit  the  instability  process.  If  the  bubble 
does  indeed  form  on  the  F-region  ledge,  and  if  it  trans¬ 
ports  only  local  ions  to  higher  altitudes,  then  molecular 
ions  will  never  dominate  topside  depletions.  This  apparent 
dichotomy  has  a  number  of  explanations: 

(a)  Relatively  small  depletions  (i.e.,  ANe/N°  ^0.0)  ori¬ 
ginating  on  the  F  ledge  with  initially  small  horizon¬ 
tal  extent  can  transport  the  local  ion  composition  to 
higher  altitudes  by  the  Ray leigh-Tay lor  process;  but 
molecular  ions  will  not  be  the  dominant  positive 
species.  Instead,  the  [N+']/[0+'j  ratio  will  indicate 
the  original  source  domain  as  suggested  by  McClure  et 
al.7  and  Szuszczewicz  et  al.,1  and  discussed  in  detail 
by  Narcisi  et  al.4 

(b)  For  molecular  ions  to  be  dominant  in  a  topside  F-region 

depletion,  it  appears  that  one  of  two  mechanisms  must 
apply:  (i)  An  initially  small  depletion  (i.e., 

ANC/NC  <  0.9)  of  large  horizontal  scale  size  can  result 
in  much  higher  depletion  levels  (e.g.,  References  7 
through  9)  by  fringing  fields  that  draw  up  the  lower 
densities  and  molecular  ions  that  populate  altitude 
regimes  lower  than  the  sight  of  the  initial  perturba¬ 
tion.  This  mechanism  has  been  studied  by  Zalesak  and 
Ossakow10  and  appears  in  substantial  agreement  with 
observations,  (ii)  an  alternate  mechanism  for  molecu¬ 
lar  ion  dominance  in  topside  depletions  has  been  pro¬ 
posed  by  Chin  and  Straus.11  They  suggest  that  plasma 
bubbles  in  the  nighttime  equatorial  ionosphere  origi¬ 
nate  as  wind-driven  waves  at  one  of  the  highly  vari¬ 
able  density  gradients  below  200  km,  rather  than  at 

the  bottomside  F-region  ledge.  Once  the  bubble  is 
formed,  with  the  low  densities  and  molecular  ion 
dominance  characterized  by  the  lower  altitude,  it  can 
propagate  into  the  bottomside  F  region  and  provide 
the  initial  perturbation  required  for  the  onset  of 
the  Ray leigh-Tay lor  mode.1 : -1 4 

Current  analyses  of  PLUMEX  ion  composition  results  support  conclu¬ 
sion  a  as  the  operating  principle  on  the  nights  of  in-situ  investigations. 
This  does  not  negate  b(i)  and  b(ii)  as  candidates  for  other  conditions; 
it  leaves  the  question  open  for  further  experimental  tests. 
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BACKSCATTER  MEASUREMENTS  OF  11-cm  EQUATORIAL 
SPREAD-F  IRREGULARITIES 


Roland  T.  Tsunoda 
Radio  Physics  Laboratory 
SRI  International 
Menlo  Park,  CA  94025 


ABSTRACT 

An  important  objective  of  the  Defense  Nuclear  Agency  is  to 
understand  the  physical  processes  that  control  the  dissipation 
of  turbulent  structure  in  plasmas.  Such  turbulent  structures 
occur  as  a  consequence  of  high-altitude  nuclear  events  as  well 
as  in  the  natural,  disturbed  equatorial  ionosphere.  Analysis 
and  understanding  of  those  processes  in  the  nighttime  equatorial 
nuclear  environment  can  lead  to  an  intelligent  extrapolation  of 
equatorial  findings  to  the  nuclear  case.  In  the  equatorial 
F-region  ionosphere,  the  turbulent  cascade  process  had  been 
found  previously  to  extend  from  irregularity  spatial  wavelengths 
longer  than  fens  of  kilometers  down  to  wavelengths  as  short  as 
36  cm.  To  investigate  the  small-scale  regime  of  wavelengths 
less  than  36  cm,  a  radar  backscatter  experiment  was  conducted 
in  the  Kwajalein  Atoll,  Marshall  Islands,  using  a  frequency  that 
corresponds  to  an  irregularity  wavelength  of  11  cm. 

The  first  observations  of  radar  backscatter  from  11-cm 
equatorial  field-aligned  irregularities  (FAX)  are  described. 
These  measurements  extend  the  spatial  wavelength  regime  of 
F-region  FAI  to  lengths  that  approach  both  the  electron  gyro- 
radius  and  the  Debye  length.  Agreement  of  these  results  with 
the  theory  of  high-frequency  drift  waves  suggests  that  these 
observations  may  be  unique  to  the  equatorial  ionosphere.  That 
is,  the  requirement  for  low-electron  densities  that  the  theory 
calls  for  may  preclude  the  existence  of  11-cm  FAI  elsewhere  in 
the  F-region  ionosphere,  except  in  equatorial  plasma  bubbles. 


I  INTRODUCTION 

During  .July  1979,  a  coordinated  field  program  was  sponsored  by  the 
Defense  Nuclear  Agency  to  investigate  the  phenomena  of  equatorial  spread  F. 
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The  experiment  included  the  use  of  two  high-power  backscatter  radars, 
ALTAIR  and  TRADEX,  located  in  the  Kwajalein  Atoll,  Marshall  Islands. 
ALTAIR  operates  at  155.5  MHz  and  415  MHz,  and  has  been  used  previously 
to  characterize  the  1-m  and  36-cm  field-aligned  irregularities  (FAI) 
that  produce  the  backscatter  at  those  f requencies ,1  >3  TRADEX  was  em¬ 

ployed  for  the  first  time  in  this  kind  of  experiment  to  extend  radar  ob¬ 
servations  of  equatorial  FAI  to  1320  MHz  the  highest  frequency  ever  used. 
Backscatter  at  this  frequency  corresponds  to  an  FAI  wavelength  of  11  cm. 

A  primary  objective  of  extending  radar  observations  to  higher  fre¬ 
quencies  is  to  seek  the  "inner  scale"  of  equatorial  plasma  turbulence. 

That  is,  TRADEX  measurements  were  directed  toward  answering  the  question, 
"what  is  the  smallest  wavelength  at  which  equatorial  FAI  can  exist?" 

The  background  of  radar  backscatter  observations  of  equatorial  FAI 
and  the  rationale  for  interest  in  characterizing  the  small-scale  end  of 
the  FAI  power  spectrum  is  given  in  Section  II.  The  experiment  utilizing 
both  ALTAIR  and  TRADEX  radars  is  described  in  Section  III,  and  the  pre¬ 
liminary  results  are  presented  in  Section  IV.  In  Section  V,  the  results 
are  discussed  in  relation  to  an  existing  plasma  instability  model  that 
has  been  proposed  as  the  source  mechanism  for  these  small-scale  FAI  that 
exist,  with  spatial  wavelengths,  below  the  ion  gyroradius.4 


II  BACKGROUND 

Radar  backscatter  has  been  used  to  study  equatorial  spread-F  irregu¬ 
larities  for  more  than  four  decades  first  in  the  form  of  vertical- 
incidence  ionosondes0  and  high-frequency  (HF)  backscatter  radars,6*’7  and 
most  recently  in  the  form  of  high-power  backscatter  radars  that  operate 
in  the  very-high-frequency  (VHF)  and  u ltra -high- frequency  (UHF)  bands.'7  >9>1  > 
A  characteristic  trend  apparent  in  these  measurements  is  the  use  of  in¬ 
creasingly  higher  transmitter  power  at  higher  radar  frequencies.  The 


References  are  listed  at 


the  end  of  the  paper. 
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need  for  increased  radar  sensitivity  underscores  the  waning  strength  of 
these  FAI  as  their  spatial  wavelength  decreases. 

The  implied  decrease  in  FAI  strength  with  decreasing  spatial  wave¬ 
lengths  is  not  surprising.  Measurements  of  the  power  spectral  density 
associated  with  larger-scale  1  km)  equatorial  irregularities  have  al¬ 
ready  indicated  a  power- law  dependence  on  spatial  wavelength.10  It  is 
by  no  means  apparent,  however,  that  the  rate  of  decrease  (characterized 
by  a  power-law  spectral  index)  in  FAI  strength  should  be  constant  over 
the  entire  range  of  spatial  wavelengths.  In  fact,  it  is  perhaps  natural 
to  expect  significant  decreases  in  FAI  strength  when  the  FAI  spatial 
wavelength  becomes  comparable  to  or  less  than  the  characteristic  plasma 
scale  lengths.  Drastic  decreases  (or  "cutoffs")  in  FAI  strength  might 
be  envisioned  whether  we  think  in  terms  of  an  "inner  scale"  to  a  spectrum 
of  turbulence,  or  whether  we  consider  source  mechanisms  for  FAI  genera¬ 
tion  and  growth. 

For  example,  intuitively,  it  is  apparent  that  gradients  in  plasma 
density  do  not  produce  rapid  growth  of  irregularities  when  the  wave¬ 
length  is  much  smaller  than  the  gradient  scale  length.  It  is  also  ap¬ 
parent  that  gradients  or  irregularities  in  plasma  density  are  difficult 
to  maintain  if  their  scale  sizes  are  comparable  to  (or  less  than)  the 
ion  or  electron  gyroradius.  This  happens  because  we  can  no  longer  treat 
particle  motion  by  its  "guiding  center."  And  finally,  any  organized 
motion  involving  electrons  and  ions  is  not  possible  at  spatial  distances 
less  then  the  Debye  length.  From  these  heuristic  arguments,  we  might 
expect  possible  cutoffs  in  FAI  strength  at  spatial  wavelengths  comparable 
to  (1)  the  ion  gyroradius,  (2)  the  electron  gyroradius,  or  (3)  the  Debye 
length. 

The  largest  of  the  three  characteristic  lengths  in  ionospheric 
plasma  is  the  ion  gyroradius.  The  nighttime  equatorial  F-layer  iono¬ 
sphere  typically  consists  of  0+  ions  at  a  temperature  of  1000  K.  For 
this  case,  the  ion  gyroradius  is  5.6  m.  Irregularities  with  this  spatial 
wavelength  produce  radar  backscatter  at  a  frequency  of  26.8  MHz.  On 
this  basis,  radar  backscatter  at  frequencies  above  26.8  MHz  (which 


includes  all  of  the  VHF  and  UHF  bands)  must  occur  from  FAI  with  spatial 
wavelengths  less  than  the  ion  gyroradius. 

Woodman  and  Basu11  considered  the  possible  existence  of  a  cutoff  in 
FAI  strength  near  the  ion  gyroradius.  They  compared  in-situ  measurements 
of  large-scale  FAI  to  50-MHz  backscatter  strength  and  found  that  3-m  FAI 
was  much  weaker  in  strength  than  expected  from  extrapolation  of  the 
large-scale  FAI  strength  using  the  observed  power-law  dependence  of  the 
in-situ  irregularity  spectrum.  They  suggested  that  an  explanation  for 
this  discrepancy  might  be  a  cutoff  in  FAI  strength  near  the  ion  gyro¬ 
radius.  Since  then,  however,  Tsunoda  et  al.1  and  Towle‘S  have  pointed 
out  that  the  Woodman  and  Basu  model,11  which  contains  a  Gaussian- shaped 
cutoff  near  the  ion  gyroradius  precludes  the  existence  of  1-m  and  36-cm 
FAI.  Observations  of  1-m  and  36-cm  FAI  by  Tsunoda  et  al.1  and  Towle* 
refute  the  accuracy  of  the  Gaussian  cutoff  model.  These  observations  do 
not,  however,  shed  further  light  on  the  nature  of  FAI  strength  dependence 
on  spatial  wavelength  near  to  or  less  than  the  ion  gyroradius. 

With  the  demonstrated  existence  of  radar  backscatter  from  FAI  as 

short  as  36  cm,  Huba  et  al.4  proposed  that  high-frequency  drift  waves 

driven  by  the  lower-hybrid-drift  instability  could  account  for  these 

2  2 

small-scale  FAI.  In  their  model,  Huba  et  al.4  assume  that  k  r.  »  1  and 

l 

find  that  maximum  linear  growth  rates  occur  near  kr^  ~1,  where  k  is  tne 

wave  number  and  r.  (r  )  is  the  ion  (electron)  gyroradius.  For  an  elec- 
i  e 

tron  temperature  of  1000  K,  r  in  the  equatorial  ionosphere  is  3.3  cm. 

e 

Consequently,  their  model  predicts  maximum  growth  rate  for  FAI  with  a 
spatial  wavelength  of  20.7  cm,  and  probably  strong  backscatter  at  the 
corresponding  radar  frequency  of  725  MHz. 

2  2 

The  condition  k  r.  »  implies  damping  of  this  instability  at  the 

2  c 

longer  wavelengths  that  approach  the  ion  gyroradius.  Huba  and  Ossakow 
and  Goldman  and  Sperling13  have  shown  that  electron  viscosity  (from 
electron-electron  collisions)  can  control  the  growth  of  FAI  at  the  short- 
wavelength  end  of  the  spectrum.  A  detailed  analysis  is  required  to  de¬ 
termine  whether  the  cutoff  occurs  at  wavelengths  that  approach  the  elec¬ 
tron  gyroradius. 
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Even  as  we  approach  the  electron  gyroradius,  we  need  to  consider 
the  effects  produced  by  proximity  to  the  Debye  length.  This  is  particu¬ 
larly  true  in  the  case  of  the  lower-hybrid-drift  instability  because 

electron  viscosity  is  small  when  the  plasma  density  is  low.  That  is, 

1  3 

low  plasma  densities  favor  growth  of  high-frequency  drift  waves.  Ex- 

1  4  1  5  1  R 

perimentally ,  Tsunoda  1  and  Szuszczewicz  et  al.  have  shown  that 
small-scale  FAI  are  spatially  coincident  with  large-scale  (tens  of  kilo¬ 
meters)  plasma  depletions,  or  "bubbles"17*18  that  exist  in  the  equatorial 

ionosphere.  The  plasma  density  within  these  bubbles  has  been  found  as 
3  3 

low  as  10  el/cm  .  For  an  electron  temperature  of  1000  K,  the  Debye 
length  would  be  6.9  cm.  Therefore,  dissipative  effects  on  FAI  growth 
may  be  compounded  at  wavelengths  that  approach  the  Debye  length. 

To  the  author's  knowledge,  a  source  mechanism  that  produces  FAI 
with  spatial  wavelengths  in  the  range  between  the  electron  gyroradius 
and  the  Debye  length  has  never  been  proposed. 


Ill  THE  EXPERIMENT 

The  experiment  to  detect  the  existence  of  11-cm  FAI  was  conducted 
on  Roi-Namur  Island  in  the  Kwajalein  Atoll,  Marshall  Islands.  Two  high- 
power  radars  were  used:  ALTAIR  (ARPA  Long-Range  Tracking  and  Instru¬ 
mentation  Radar)  and  the  TRADEX  (Target  Resolution  and  Discrimination 
Experiments)  radar.  Both  are  support  radars  for  the  Kwajalein  Missile 
Range  under  the  technical  supervision  of  MIT  Lincoln  Laboratory.  ALTAIR 
is  a  fully  steerable  backscatter  radar  that  operates  at  two  frequencies, 
155.5  MHz  (VHF)  and  415  MHz  (UHF),  simultaneously.  ALTAIR  has  been  the 
source  of  all  observations  of  equatorial  FAI  with  spatial  wavelengths  of 
1  m  and  36  cm.  TRADEX  is  also  a  fully  steerable  backscatter  radar.  It 
operates  at  1320  MHz  (L  band)  and  is  located  within  a  hundred  meters  of 
ALTAIR.  The  pertinent  ALTAIR  and  TRADEX  radar  parameters  are  listed  in 
Table  1. 

Tsunoda  et  al.1  and  Towle^  have  shown  that  ALTAIR  is  sensitive 
enough  to  perform  incoherent-scatter  (IS)  measurements  at  both  VHF  and 
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Table  1 


RADAR  SYSTEMS  CHARACTERISTICS 


Parameters 

Value 

ALTAIR 

TRADEX 

Frequency,  MHz 

415 

1320 

Peak  power,  MW 

20 

4 

Pulse  width,  us 

40 

50/1.7  us  (chirp) 

Antenna: 

Diameter,  m  (ft) 

45.7  (150) 

25.6  (84) 

Beamwidth,  deg 

1.1 

0.65 

Gain,  dB 

42.4 

48.5 

2 

Effective  Aperture,  m 

722 

283 

Temperature,  K 

785 

622 

Polarization 

LC/RC 

LC/RC 

UHF.  Consequently,  ALTAIR  is  easily  capable  of  detecting  backscatter 
from  FAI.  On  the  other  hand,  TRADEX  with  its  extremely  short  trans¬ 
mitted  waveform  is  less  sensitive  than  ALTAIR,  and  is  not  capable  (as 
configured)  of  IS  measurements.  In  fact,  because  of  the  very  short 
pulse  width,  the  TRADEX  sensitivity  is  considered  marginal  for  detection 

of  11-cm  FAI.  For  example,  if  we  assume  a  wavelength  dependence  of  FAI 
2 , 3 

of  X*-'  (inferred  from  past  ALTAIR  data),  we  expect  detectable  back- 
scatter  with  TRADEX  only  under  the  most  disturbed  spread-F  conditions. 

Because  of  the  marginal  TRADEX  sensitivity,  the  experiment  was  con¬ 
ducted  as  follows.  ALTAIR  was  operated  in  a  continuous  (magnetic)  east- 
west  scan,  maintaining  the  radar  beam  perpendicular  to  the  geomagnetic 
field  lines  at  F-region  altitudes.  TRADEX  was  kept  in  a  standby  mode 
during  the  ALTAIR  scans.  TRADEX  was  turned  on  and  operated  only  when 
strong  backscatter  was  observed  with  ALTAIR  at  UHF. 

The  procedure  for  directing  the  TRADEX  antenna  beam  to  the  region 
of  strong  UHF  backscatter  consisted  of  storing  the  ALTAIR  beam  position 
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at  which  the  strong  backscatter  was  observed.  That  position  was  selected 
in  real  time  during  an  ALTAIR  scan  by  pushing  a  "zap"  button.  TRADEX 
was  then  immediately  directed  to  the  zap  coordinates  and  operated  in  a 
limited  elevation  scan.  The  elevation  scan  consisted  of  seven  discrete 
beam  positions  with  the  center  position  at  the  zap  point.  The  beam  posi¬ 
tions  were  spaced  in  elevation  at  intervals  of  half  a  beamwidth  (~0.3°). 
Data  were  recorded  at  each  beam  position  for  1  min  at  a  PRF  of  125  s  \ 
thereby  completing  a  scan  in  7  min. 

TRADEX  data  were  taken  at  150-m  range  intervals  to  maintain  the 
range  resolution  (and  backscatter  detectability)  of  the  1.7-us  chirp 
waveform.  To  reduce  the  high  data  rates,  1024  range  samples  were  re¬ 
corded  beginning  at  a  start  range  that  was  specified  in  real  time  to 
match  the  altitude  interval  of  the  strong  UHF  backscatter.  In  this 
burst  sampling  mode,  TRADEX  data  taken  over  any  Selected  153-km  range 
interval  could  be  recorded. 

This  dual-radar  experiment  was  conducted  as  a  part  of  a  larger  co¬ 
ordinated  rocket  program  (designed  to  investigate  equatorial  s pread-F 
phenomena),  sponsored  by  the  Defense  Nuclear  Agency.  Data  were  collected 
over  a  two-week  period  in  mid-July  1979. 


IV  RESULTS 
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For  this  short  report,  a  data  set  obtained  on  17  July  1979  between 
1102  UT  and  1110  UT  (2212  to  2220  local  solar  time)  was  selected.  During 
this  period,  ALTAIR  backscatter  approached  50  dB  above  IS  levels  at  VHF 
and  40  dB  above  IS  levels  at  UHF.  The  backscatter  strengths  are  some  of 
the  strongest  observed  with  ALTAIR.  (In  comparison,  the  Jicamarca  50-MHz 

radar  has  observed  backscatter  strengths  up  to  about  50  dB  above  IS 

i  ,  li 
levels . 

The  backscatter  distribution  observed  with  ALTAIR  at  UHF  is  shown 
in  Figure  1.  The  backscatter  strength  is  represented  by  contours  of 
constant  signal  strength  (after  range-squared  correction).  The  contours, 
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MAGNETIC  EAST  DISTANCE  FROM  ALTAIR  —  km 


FIGURE  1  SPATIAL  DISTRIBUTION  OF  RADAR  BACKSCATTER 
FROM  EQUATORIAL  FAI  OBTAINED  AT  415  MHz 
WITH  ALTAIR.  The  TRADEX  radar  line-of-sight 
(LOS)  vector  points  to  region  of  backscatter  at 
1320  MHz. 
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shown  in  decade  increments  of  backscatter  strength,  are  calibrated  with 
reference  to  IS  signal  strength.  The  zero-dB  contour  is  equivalent  to 
IS  from  an  electron  density  of  It)3  el/cm^.  In  this  map,  the  altitude- 
modulated  bottomside  backscatter  is  centered  around  the  350-km  altitude 
and  backscatter  "plumes"  extend  upward  from  the  bottomside  into  the  top¬ 
side  of  the  F  layer.  (Tsunoda'  presents  the  basis  for  these  inferences.) 
The  intense,  altitude-extended  plume  just  west  of  ALTAIR  contains  the 
region  of  interest. 

The  TRADEX  line  of  sight  (LOS),  also  shown  in  Figure  1,  passes 
through  the  intense  backscatter  plume  mapped  by  ALTAIR.  The  white  bar 
located  just  beyond  the  arrow  head  on  the  LOS  vector  shows  the  range  ex¬ 
tent  from  which  L-band  backscatter  was  observed  and  coincides  with  a 
region  of  strong  U ILF  backscatter  (^30  dB). 

Figure  2  shows  the  TRADEX  measurements  made  along  the  LOS  in  Figure  1. 
In  Clio  upper  panel,  we  have  displayed  the  backscatter  strength  versus 
range  record  obtained  by  time  averaging  the  TRADEX  data  for  one  minute. 

The  range  resolution  is  150  m  with  this  kind  of  data  processing.  The 
lower  panel  contains  the  same  backscatter  profile  after  range-averaging 
to  simulate  the  ALTAIR  range  resolution  of  approximately  5  km.  Back¬ 
scatter  extends  in  range  from  437  kn  to  457  km  with  a  peak  in  backscatter 
strength  located  at  447  km.  Peak  backscatter  strength  is  about  -4e  dBsn. 
The  noise  level  is  only  a  fraction  of  a  decibel  below  the  peak  in  .spread-!-' 
backscatter. 

Despite  the  small  sigtia 1- to-noi se  ratio,  it  is  clear  from  Figure  2 
that  backscatter  from  11-cm  FA I  was  indeed  detected  with  TRADEX.  There 
is  no  rt  -lining  doubt  when  we  note  the  spatial  collocation  (Figure-  1)  of 
the  L-band  backscatter  with  one  of  the  strongest  backscatter  regions 
found  in  the  plume  at  both  U11F  and  11F. 

To  compare  the  TRADEX  measurement  with  those  by  ALTAIR,  we  must  con- 
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section  into  volume  reflectivitv. 


If  we  assume  that  the  radar  scattering  volume  is  filled  with  FAI,  we  ob~ 


- 1  5  2  5 

tain  a  value  o|  about  3  >  L0  n  /n  ,  which  is  approximately  34  dB 
above  IS  levels  (for  an  electron  density  of  10°  ol/cm"*) .  The  extent  tt 


219 


which  the  scattering  volume  is  actually  filled  is  dependent  on  the  mag¬ 
netic  aspect  sensitivity  of  equatorial  FAI.  The  filled  volume  approxi¬ 
mation  is  obviously  less  valid  with  increasing  radar  beamwidth.  Using 
the  same  assumption  (filled  scattering  volume)  for  the  VHF  and  UHF  data, 

we  can  estimate  a  wavelength  dependence  of  FAI  strength.  We  find  that 

1. 3 

the  wavelength  dependence  between  L  band  and  UHF  is  \  *  and  that  between 
UHF  and  VHF  is  \2‘3. 

The  implication  that  the  power-law  spectral  index  decreases  at  the 
shorter  spatial  wavelengths  is  important  if  shown  to  be  real.  Rough 
estimates  to  correct  for  magnetic  aspect  sensitivity  and  unsealed  an¬ 
tenna  beamwidths  indicate  that  although  the  spectral  index  does  increase, 
there  remains  a  decrease  in  the  spectral  index  at  shorter  FAI  wavelengths. 
Results  of  a  more  complete  analysis  of  the  wavelength  dependence  of  small- 
scale  FAI  will  be  presented  in  a  future  paper. 


V  DISCUSSION  AND  CONCLUSIONS 

Wc  have  described  the  first  observations  of  radar  backscatter  from 

11-cm  FAI.  The  preliminary  results  on  36-cm  and  11-cm  FAI  appear  to  be 

consistent  with  the  theoretical  model  for  high-frequency  drift  waves.4 

Backscatter  has  now  been  observed  on  either  side  of  the  frequency  at 

which  maximum  backscatter  might  be  expected  on  the  basis  of  the  condition, 

kr^  ~  1.  The  relatively  flat  wavelength  dependence  implied  by  the  results 

—  if  proven  accurate — supports  the  idea  that  the  driving  point  is 

indeed  kr  ~  1. 
e 

If  these  small-scale  FAI  are  indeed  produced  by  high-frequency  drift 
waves,  the  occurrence  of  11-cm  FAI  might  very  well  be  unique  to  the  equa¬ 
torial  ionosphere.  A  more  generalized  analysis  of  the  high- frequency 
drift  wave  theory1,  yl:'  has  shown  that  viscous  damping  of  the  electrons 

(via  electron-electron  collisions)  will  damp  out  the  instability  for 

U  3 

cases  in  which  the  electron  density  is  much  greater  than  10  el/cm  (for 
a  moderate  electron -density  gradient).  On  this  basis,  11-cm  FAI  will 
occur  primarily  within  the  equatorial  plasma  bubbles  where  the  electron 
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densities  are  low.  Whether  FAI  with  much  smaller  spatial  wavelengths 
can  exist  even  in  the  equatorial  case  depends  on  the  existence  of 
steeper  electron  density  gradients  and  the  Debye  length  effects. 

The  requirement  of  low  electron  density  will  preclude  the  presence 
of  small-scale  FAI  (via  high-frequency  drift  waves)  in  barium  ion  clouds. 
Although  the  striations  in  barium  clouds  are  initiated  by  the  gradient- 
drift  instability,19  which  is  a  direct  analog  of  the  Ray leigh-Tay lor  in¬ 
stability  that  initiates  equatorial  spread  F,‘°  both  the  striations  and 
the  background  ionosphere  (into  which  the  barium  cloud  is  injected)  have 
higher  electron  densities  than  required  to  trigger  high-frequency  drift 
waves.  This  conclusion  is  consistent  with  available  experimental  evidence, 
Bates^1  operated  step-frequency  sounders  in  Alaska  as  part  of  the  Secede 
III  barium  release  program.  Using  oblieuq-incidence  backscatter  sounders 
that  operated  between  4  MHz  and  64  MHz,  backscatter  was  found  occurring 
up  to  a  frequency  near  45  MHz,  with  a  maximum  in  backscatter  strength 
around  30  MHz.  (Of  course,  we  do  not  know  what  a  more  sensitive  radar 
would  have  seen.) 

Aside  from  the  consideration  of  the  source  mechanism,  the  observa¬ 
tion  of  11-cm  FAI  is  also  noteworthy  because  it  represents  detection  of 
FAI  with  a  spatial  wavelength  that  is  closer  to  the  electron  gyroradius 
and,  possibly,  also  closer  to  the  Debye  length  than  any  other  measure¬ 
ment  of  ionospheric  FAI.  As  discussed  in  Section  II,  11-cm  FAI  in  the 
equatorial  ionosphere  is  within  a  factor  of  3  of  the  electron  gyroradius 
and  perhaps  as  close  as  a  factor  of  1.5  of  the  Debye  length. 

The  only  observations  of  ionospheric  FAI  that  approaches  the  measure¬ 
ments  reported  here  were  those  made  at  3000  MHz  from  auroral  electrojet 
irregularities.'  Although  the  radar  frequency  for  the  auroral  back¬ 
scatter  measurements  is  a  factor  of  2.3  higher  than  that  used  in  this 
experiment,  the  ratios  of  FAI  wavelength  to  el.  on  gyroradius  and  of 
FAI  wavelength  to  Debye  length  are  larger  than  found  in  this  experiment. 

The  reason  is  that  auroral  backscatter  occurs  in  the  E  layer  in  which 
the  electron  temperature  is  lower  than  in  the  F  layer,  and  in  polar  regions 
where  the  magnetic  flux  density  is  higher  than  in  the  equatorial  region. 
Typical  E-region  electron  densities  are  also  higher  than  those  in  plasma 
bubbles . 
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In  the  auroral  case,  the  electron  gyroradius  for  an  electron  tem¬ 
perature  of  300  K  is  1  cm.  The  FAI  wavelength  (5  cm)  is,  therefore,  a 
factor  of  5  greater  than  the  electron  gyroradius.  There  are,  of  course, 
conditions  of  intense  particle  precipitation  during  which  the  electron 
temperature  can  reach  1200  K.  In  this  case,  the  electron  gyroradius  is 
2  cm  and  the  factor  drops  to  2.5,  which  is  slightly  smaller  than  for  the 
equatorial  results.  However,  Tsunoda  and  Presnell23  have  shown  that  the 
conditions  for  FAI  growth  via  the  two-stream  instability  (source  mechanism 
for  E-region  electrojet  FAI)  is  not  favorable  when  the  E-region  conducti¬ 
vity  is  high  (because  of  particle  precipitation)  or  when  the  electron 
temperature  is  high.  High  conductivity  tends  to  short  out  the  ionospheric 
electric  field  that  drives  the  two-stream  instability.  High  temperatures 
also  inhibit  two-stream  growth  because  they  raise  the  ion-acoustic  speed, 
which  controls  the  instability  threshold.  Therefore,  if  we  allow  high 
electron  temperatures,  we  introduce  difficulties  in  FAI  generation  via 
the  two-stream  instability. 

In  the  auroral  case,  the  Debye  length  is  also  smaller  because  of 

lower  electron  temperatures  and  higher  electron  densities.  For  example, 

5  3 

for  an  electron  temperature  of  300  K  and  an  electron  density  of  10  el/cm  , 

6  3 

the  Debye  length  is  0.38  cm.  For  an  electron  density  of  10  el/cm  ,  the 

Debye  length  decreases  to  0.12  cm.  The  ratio  of  FAI  wavelength  to  Debye 

length  is,  therefore,  between  13  and  42  for  the  auroral  case.  For  the 

equatorial  case,  the  Debye  length  can  range  between  3.3  cm  and  2.2  cm 

3  3  4  3 

for  electron  densities  between  10  el/cm  and  10  el/cm  .  The  ratio  of 
FAI  wavelength  to  Debye  length,  therefore,  ranges  between  1.5  to  5. 
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|  ,  ABSTRACT 

l 

I  We  examine  the  initial  conditions  that  lead  to  back- 

[  j  scatter  plume  development  in  the  equatorial  F-region  iono- 

I  sphere.  By  analyzing  ALTAIR  radar  data  we  obtained  the 

j  i  following  principal  results:  (1)  Prior  to  plume  develop¬ 

ment,  an  altitude  modulation  of  electron-density  contours 
•  exists  in  the  bottomside  F  layer.  These  quasi-periodic 

>  variations  were  mapped  spatially  over  a  1200-km  east-west 

distance  using  incoherent-scatter  measurements  and  found  to 
consist  of  three  cycles  with  an  average  spatial  wavelength 
,  of  400  km;  (2)  Bottomside  backscatter  developed  on  the  west 

walls  of  all  three  altitude-modulated  regions  followed  by 
plume  development  from  near  the  crests  of  these  regions; 

(3)  Spatial  resonance  as  a  "seed"  mechanism  for  the  large- 
scale  _  tribution  of  equatorial  spread-F  structures  can  be 
discounted  because  vertical  velocity  components  of  atmos- 
■  "  pheric  gravity  waves  and  bulk  plasma  motion  are  mismatched. 

L' 


I  INTRODUCTION 

The  scientific  community  has  shown  considerable  interest  in  the 
initial  ionospheric  conditions  that  lead  to  the  development  of  equatorial 
spread-F  (ESF)  irregularities,  because  observed  ESF  structures  do  not 
appear  to  result  simply  from  the  amplification  of  thermal  fluctuations 
in  the  F-region  plasma.  Equatorial  spread-F  structures  almost  always 
appear  in  patches  rather  than  in  some  extended  and  uniform  spatial 


distribution.  The  patchy  nature  of  ESF  structures  was  noted  by  Clemesha1 
using  an  18-MHz  backscatter  radar,  by  Rottger  from  a  transequatorial 
propagation  experiment,  and  most  dramatically  by  Woodman  and  La  Hoz,”1 
Tsunoda  et  al.,4  and  Towle5  using  VHF  and  UHF  backscatter  radars.  The 
observations  indicate  that  the  irregularity  growth  rates  of  the  primary 
source  mechanisms,  believed  to  be  the  collisional  Rayleigh- Taylor  and 
gradient  drift  instabilities ,S * 7 ,B  are  not  very  large.  Consequently, 
the  initial  ionospheric  conditions,  such  as  the  strength  and  spatial 
wavelengths  of  nonthermal  geophysical  noise  that  act  as  input  signals 
to  the  primary  instability  mechanisms,  appear  to  control  the  large-scale 
characteristics  of  ESF  structures. 

In  an  earlier  paper,9  we  suggested  that  equatorial  backscatter 
"plumes,"  i.e.,  VHF  and  UHF  radar  backscatter  signatures  of  ESF  struc¬ 
tures  that  extend  from  the  bottomside  into  the  topside  F  layer  are  ini¬ 
tiated  or  enhanced  by  an  eastward  neutral  wind  blowing  through  the  west 
walls  of  altitude-modulated  electron-density  contours  in  the  bottomside 
F  layer.  The  structuring  mechanism  again  is  believed  to  be  the  gradient- 
drift  instability  that  leads  to  a  cascade  process  involving  a  hierarchy 
of  plasma  instabilities.6  This  model  was  based  on  the  fact  that  (1)  most 
backscatter  plumes  were  associated  with  altitude-modulated  bottomside 
backscatter,  and  (2)  bottomside-backscatter  strength  was  stronger  on 
the  west  wall  rather  than  elsewhere  within  the  altitude-modulated  back¬ 
scatter  region.  By  assuming  that  an  altitude-modulated,  bottomside- 
backscatter  region  is  associated  with  similarly  modulated  contours  of 
constant  electron  density  in  the  F  layer,  we  argued  earlier"'  that  the 
observed  east-west  asymmetry  in  bottomside-backscatter  strength  could 
be  produced  by  an  eastward  neutral  wind.  If  we  allow  for  the  action  of 
an  eastward  neutral  wind,  we  can  account  for  the  large-scale  character¬ 
istics  of  ESF  structures.  We  inferred”  that  the  bottomside  F  layer  is 
often  altitude  modulated  by  referring  to  6300-A  depletions  reported  by 
Weber  et  al.10 

References  are  listed  at  the  end  of  this  paper. 
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In  this  paper,  we  present  the  first  direct  evidence  that  the  bottom- 
side  F  layer  is  indeed  altitude  modulated,  and  that  the  altitude  modula¬ 
tion  actually  leads  to  the  observed  large-scale  characteristics  of  equa¬ 
torial  backscatter  plumes.  The  evidence  presented  is  in  the  form  of 
spatial  maps  of  constant  electron-density  contours  constructed  from 
incoherent-scatter  measurements  made  with  the  ALTAIR  radar.4*5 

II  EXPERIMENTAL  CONSIDERATIONS 

The  ALTAIR  radar  and  its  system  characteristics  have  been  described 
in  earlier  papers;"* therefore,  a  detailed  description  will  not  be  re¬ 
peated  here.  Instead,  we  briefly  summarize  the  pertinent  radar  param¬ 
eters  and  describe  the  modifications  in  ALTAIR  operation  that  allowed 
collection  of  the  data  on  which  we  report  in  this  paper. 

ALTAIR  is  a  dual-frequency  radar  that  operates  simultaneously  at 
155.5  MHz  (VHF)  and  415  MHz  (UHF).  Its  peak  power  together  with  an  ef¬ 
fective  antenna  aperture  allows  incoherent-scatter  measurements  to  be 
made  at  both  radar  frequencies.  Although  data  were  collected  for  this 
experiment  at  both  frequencies,  we  present  only  data  collected  at  415  MHz. 
We  made  this  choice  because  the  radar  is  slightly  more  sensitive  at  UHF 
than  at  VHF,  and  because  ESF  backscatter  is  about  10  dB  weaker  at  UHF 
than  at  VHF.  Consequently,  the  use  of  UHF  data  provides  a  more  accurate 
measure  of  the  ionospheric  electron-density  distribution.  The  pulse- 
width  used  at  UHF  was  40  -is  (6-km  range  resolution). 

The  experiment  consisted  of  scanning  ALTAIR  repeatedly  in  east-west 
direction.  The  scans  were  made  with  the  radar  beam  directed  perpendicu¬ 
larly  to  the  geomagnetic  field  at  F-region  altitudes.  As  shown  by 
Tsunoda  et  al,,4  these  scans  provide  incoherent-scatter  measurements  of 
the  F-layer  electron  density  in  the  absence  of  ESF  irregularities,  and 
map  the  ESF  irregularities  under  disturbed  conditions.  Therefore,  by 
operating  ALTAIR  before  and  during  ESF  development,  mapping  of  the  iono¬ 
spheric  conditions  that  just  preceded  the  development  of  ESF  was  possible. 


229 


in  that  the 


The  scans  differed  from  those  previously  reported4*6 
scans  were  both  continuous  (rather  than  in  discrete  beam  positions)  and 
significantly  expanded  in  east-west  extent.  The  continuous  scan  allowed 
for  improved  angular  resolution.  The  expanded  angular  width  of  120° 
(compared  with  45°  and  72°  used  previously)  provided  an  east-west  cover¬ 
age  of  over  1200  km  (compared  with  600  km)  at  an  altitude  of  400  km. 


Ill  RESULTS 

This  section  is  divided  into  six  parts.  In  the  first  subsection, 
we  present  a  map  of  the  nighttime  equatorial  ionosphere  (constructed 
from  incoherent-scatter  measurements)  in  which  we  found  the  first  direct 
evidence  that  wave  structure  develops  in  the  bottomside  F  layer  prior  to 
the  development  of  ESF  irregularities.  The  map  is  the  first  of  five 
ALTAIR  backscatter  maps  taken  in  time  sequence  that  show  the  time  evolu¬ 
tion  of  backscatter  plumes  from  the  wave  structure  in  electron  density. 

The  following  four  subsections  are  devoted  to  description  and  brief  dis¬ 
cussions  of  tiie  remaining  four  backscatter  maps.  Supporting  evidence  is 
introduced  when  needed  during  the  course  of  the  discussion  of  the  results. 
The  final  subsection  is  a  summary  of  the  results. 

A.  First  Map  (0743  to  0803  UT) 

The  first  backscatter  map,  presented  in  Figure  1,  was  obtained 
during  a  slow  east-to-west  scan  (20-min  duration).  There  is  no  obvious 
evidence  of  enhanced  backscatter  from  ESF  irregularities.  In  the  absence 
of  ESF  backscatter,  the  contours  of  constant  backscatter  strength  corre¬ 
spond  identically  to  constant  electron-density  values.  The  map,  there¬ 
fore,  represents  the  distribution  of  F-layer  electron  density  as  a  func¬ 
tion  of  east-west  distance  and  altitude.  The  contour  values  in  Figure  1 

A3  6  3 

range  from  3.2  ■-  10  el/cm  (Deg  log^N^  =  4.5)  to  10  el/cm  . 

The  contours,  particularly  those  in  the  bottomside  F  layer,  can  be 
characterized  by  the  superposition  of  a  quasi-periodic  wave  structure  on 
a  mean  tilt  that  is  higher  in  the  east  than  in  the  west.  The  altitude 
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DENCE  OF  WAVE  STRUCTURE  IN  CONTOURS  OF  CONSTANT  ELECTRON  DENSITY  FOUND 
THE  F  LAYER  PRIOR  TO  EQUATORIAL  SPREAD-F  DEVELOPMENT 
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of  the  bottomsi.de  F-layer  contours  is  centered  around  300  km  at  the  west 
end  and  a  few  tens  of  kilometers  higher  at  the  east  end  of  the  scan. 

The  wave  structure  consists  of  three  oscillations  that  can  be  found 
in  most  of  the  contours  in  the  bottomside  F  layer.  The  crests  associated 
with  the  three  oscillations  are  spaced  approximately  400  km  apart  in 
east-west  distance.  The  crest  of  each  oscillation  has  been  labeled  west, 
center,  and  east  for  discussion  purposes.  Whether  wave  structure  also 
occurs  in  the  contours  in  the  topside  F  layer  is  debatable,  because  the 
data  from  those  altitudes  are  quite  noisy. 

The  nature  of  the  wave  structure  can  be  inferred  from  the  electron- 
density  gradients  associated  with  the  crests.  The  steepness  of  the  gra¬ 
dient  can  be  estimated  from  the  closeness  of  the  adjacent  contours  in 
the  crest  region.  For  example,  the  gradients  appear  steeper  in  the  east 
and  west  crests  than  in  the  center  crest,  particularly  if  we  examine  the 
lower  electron-density  contours.  On  the  other  hand,  the  spacings  of  the 
higher  electron-density  contours  (all  in  the  bottomside  F  layer)  appear 
to  be  nearly  the  same  in  both  crest  and  trough  regions.  An  interpreta¬ 
tion  is  that  after  the  wave  structure  was  impressed  upon  the  bottomside 
Layer,  the  crests  experienced  additional  upward  force  resulting  in  f'-rther 
upwelling  in  the  crest  region  (relative  to  the  trough  region).  This 
interpretation  is  consistent  with  the  behavior  of  the  collisional 
Rayleigh-Taylor  instability  or  the  gradient  drift  instability,  the  latter 
operating  when  the  F  layer  is  rising. 

The  large-scale  mean  tilt  of  the  F  layer  contours  appears  to  be 
associated  with  the  postsunset  rise  of  the  F  layer.11 >le  If  we  assume 
a  simple  model  in  which  the  F  layer  is  rising  at  a  uniform  velocity,  the 
observed  altitude  difference  (or  the  apparent  tilt)  corresponds  to  a 
vertical  rise  velocity  of  several  tens  of  meters  per  second.  This  esti¬ 
mate  (for  such  a  simple  model)  is  in  reasonable  agreement  with  a  rise 
velocity  of  30  m/s  estimated  from  changes  in  l/p,  the  minimum  virtual 
height  of  the  F  Layer,  scaled  from  ionograms  taken  during  the  same  time 
period.  Woodman1  ‘  and  Tsunuda'1'*  found  that  40  m/s  is  a  representative 
vaLue  for  the  postsunset  rise  of  tile  F  layer. 
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Another  consistency  check  as  to  the  nature  of  the  tilt  can  be  made 

by  noting  that  Fejer  et  al.1'  showed  that  the  peak  upward  velocity  asso¬ 

ciated  with  the  postsunset  rise  of  the  F  layer  is  time  coincident  with 
E-region  sunset.  The  solar  zenith  angle  at  the  east  and  west  ends  of 
the  scan  was  104°  (start  of  scan)  and  98°  (end  of  scan),  respectively. 

The  shadow  heights  of  the  solar  terminator  corresponding  to  those  angles 
are  187  and  45  km;  therefore,  the  scan  was  made  around  the  time  of  E- 
region  sunset.  Because  a  maximum  tilt  angle  would  be  associated  with 
the  time  of  maximum  rise  velocity,  we  conclude  that  the  tilt  seen  in 
Figure  1  is  indeed  a  direct  result  of  the  lifting  of  the  F  layer. 

From  the  map  in  Figure  1,  altitude  modulation  clearly  occurs  in  the 

bottomside  F  layer  prior  to  the  development  of  ESF  backscatter.  The  time 

development  of  ESF  backscatter  associated  with  the  three  crests  is  shown 

in  Figure  2.  Five  maps  are  stacked:  the  scan  made  earliest  is  at  the 

bottom  and  that  made  last  is  at  the  top.  All  maps  are  cut  off  below 

250-km  altitude  to  allow  a  closer  intercomparison  of  backscatter  features 

in  the  various  maps.  The  top  of  each  map  is  cut  off  at  an  altitude  above 

which  backscatter  was  not  observed.  The  maps  are  drawn  with  contours  of 

constant  backscatter  strength.  The  contour  of  weakest  backscatter 

(dashed  curve)  corresponds  to  equivalent  incoherent-scatter  returns  from 

5  3 

an  electron  density  of  10  el/cm  (as  labeled  in  the  bottom  panel).  The 
other  contours  represent  10-dB  steps  above  that  level  of  backscatter 
strength.  Although  the  contours  are  not  labeled,  the  stronger  back¬ 
scatter  regions  are  evident  because  the  contours  are,  in  most  cases,  con¬ 
centric.  For  continuity  and  intercomparison  with  the  other  maps,  we  have 

reproduced  the  map  shown  in  Figure  1  with  only  the  logln\’  =  5  contour, 

U)  c 

in  Figure  2(a).  The  remaining  four  maps  are  described  and  discussed  in 
the  following  subsections. 

B.  Second  Map  (0805  to  0825  FT) 

The  map  in  Figure  2(b)  obtained  during  a  slow  west-to-east  scan, 
shows  the  same  wavy  contour  with  a  large-scale  tilt  found  in  the  first 
map.  There  are  two  important  changes  that  appear  in  the  second  map  re¬ 
garding  the  wave  structure.  First,  the  altitude  of  the  dashed  contour 
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FIGURE  2  SEQUENCE  OF  ALTAIR  BACKSCATTER  MAPS  SHOWING  (a)  QUASI- 
PERIODIC  ALTITUDE  MODULATION  OF  THE  BOTTOMSIDE  F  LAYER, 
(b)  INCREASE  IN  AMPLITUDE  OF  THE  WAVE  STRUCTURE,  (c)  DE¬ 
VELOPMENT  OF  BOTTOMSIDE  BACKSCATTER  ON  THE  WEST  WALLS 
OF  ALTITUDE-MODULATED  REGIONS,  (d)  PLUME  DEVELOPMENT 
FROM  CRESTS 


l 


234 


has  increased.  This  increase  becomes  evident  if  we  note  that  the  west 
and  center  crests  have  risen  in  altitude  by  25  and  50  km,  respectively. 
The  trough  (lowest  altitude  portion  of  the  contour)  between  those  two 
crests  has  also  increased  by  about  15  km.  All  points  on  the  dashed 
curve  in  the  first  map,  therefore,  have  been  displaced  upward.  This 
observation  supports  our  original  supposition  of  a  rising  F  layer  deduced 
from  the  large-scale  tilt  of  the  contour. 

Second,  the  wave  amplitude  has  increased.  The  wave  amplitude  as 
estimated  from  the  altitude  difference  between  the  west  crest  and  the 
trough  (right  of  the  west  crest)  has  increased  from  30  km  to  50  km. 
Similarly,  the  altitude  difference  between  the  same  trough  and  the 
center  crest  has  increased  from  40  km  to  70  km.  The  increases  in  wave 
amplitude  correspond  to  e-fold  growth  times  of  10  and  25  min,  respect¬ 
ively.  A  10-min  e-fold  growth  time  for  the  linear  gradient-drift  insta¬ 
bility  can  be  obtained  with  an  upward  velocity  of  40  m/  and  a  gradient 
scale  length  in  electron  density  of  20  km.  For  the  same  gradient  scale 
length,  the  upward  velocity  would  have  to  be  reduced  to  16  m/s  to  obtain 
an  e-fold  growth  time  of  25  min. 

As  a  consistency  check,  we  measured  the  gradient  scale  length  of 
the  bottomside  F  layer  from  electron-density  profiles  obtained  near 
overhead  of  ALTAIR,  i.e.,  associated  with  the  center  crest.  Three  pro¬ 
files  obtained  at  elevation  angles  above  75°  are  plotted  in  Figure  3. 

5  3 

The  gradient  scale  length  near  the  10  cl/cm  value  (corresponding  to 
the  contour  value  in  Figure  2)  was  measured  to  be  about  20  km.  On  this 
basis  alone,  the  upward  velocity  in  the  center  crest  region  should  be 
closer  to  16  m/s.  (The  required  upward  velocity  would  be  even  smaller 
if  we  note  that  the  collisional  Ray leigh-Taylor  instability  contributes 
an  effective  velocity  of  15  m/s  at  an  altitude  of  300  km.) 

The  gradient  scale  length  associated  with  electron-density  profiles 
in  t ho  west  crest  region  was  also  found  to  be  about  20  km  (near  the  lO'* 
el/ctTi  value).  (The  smaller  gradient  scale  lengths  suggested  by  the 
contours  in  Figure  1  arc  associated  with  lower  electron  densities.)  The 
estimated  e-fold  growth  time  of  the  west  crest,  therefore,  appears  to  be 
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FIGURE  3  ELECTRON  DENSITY  PROFILES  FROM  THE  CENTER  CREST  REGION 
OVER  ALTAIR  (Figure  Ua)l 


in  reasonable  agreement  with  the  growth  time  predicted  by  the  gradient- 
drift  and  RayLeigh- Taylor  instabilities,  using  an  upward  velocity  of  30 
m/s  (from  ionogram  data)  and  the  observed  gradient  scale  length. 

Other  qualitative  conclusions  can  be  drawn  from  Figure  2(b).  The 
development  of  ESF  backscatter  in  the  east  sector  of  the  second  map  where 
the  altitude  of  the  bottomsidc  F  layer  is  higher  than  in  the  western 
sector  is  consistent  with  the  concept  that  the  collisional  Ray leigh-Taylor 
instability  is  an  initiating  mechanism  for  ESF  structure.  We  note,  how¬ 
ever,  that  ESF  backscatter  did  not  develop  at  the  top  of  the  eastern 
crest,  as  would  be  predicted  by  the  Kaylcigh-Taylor  instability.  Instead, 
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wo  find  that  backscattcr  developed  on  the  west  wall  of  the  east  crest, 
consistent  with  the  findings  reported  earlier.  '  The  ESF  backscatter 
structures,  which  resembles  a  plume  with  an  eastward  (from  vertical) 
tilt,  is  actually  bottomside  backscatter  that  extends  upward  to  an  alti¬ 
tude  of  about  500  km.  The  tilt  of  the  bottomside  backscatter  contours 

5  3 

is  more  vertical  than  that  found  in  the  10  el/cm  electron-density  con¬ 
tour  shown  in  the  first  map,  indicating  continued  upwelling  of  the  east 
crest.  because  the  amplitude  of  the  east  crest  has  grown  faster  than 
the  amplitude  of  the  other  two  crests,  amplitude  growth  seems  to  depend 
on  the  altitude,  which  is  again  consistent  with  the  KayLoigh- Taylor  in¬ 
stability. 

A  few  words  of  clarification  are  perhaps  necessary  regarding  termi¬ 
nology  used  in  this  paper  and  in  the  earlier  one’  to  describe  bottomside 
wave  structure,  plasma  bubbles,  and  associated  backscatter.  The  back¬ 
scattcr  that  develops  on  the  bottomside  of  a  horizontally  stratified 
F  layer  can  unambiguously  be  called  bottomside  backscatter.  The  term 
bottomside  backscatter  is  appropriate  when  describing  backscatter  within 
an  altitude-modulated  region,  provided  that  the  bottomside  F-layer  con¬ 
tours  have  not  penetrated  the  nominal  altitude  for  the  F-layer  peak.  If 
tlie  contours  have  penetrated  this  nominal  altitude,  the  term  bottomside 
backscatter  no  longer  describes  accurately  the  altitude  region  in  which 
backscatter  is  occurring.  This  complication  also  extends  into  the 
choice  of  the  words  plasma  bubble  and  upwelling  (or  crest). 

In  this  paper,  the  definitions  are  based  on  the  sketch  of  the  F- 
layer  contours  shown  in  Figure  4.  We  differentiate  an  upwelling  from  a 
plasma  bubble  by  the  ratio  of  its  dimensions  transverse  to  the  geomag¬ 
netic  field.  If  the  length  (or  height)  of  the  plasma-depleted  region  is 
much  longer  tiian  its  width  (or  east-west  dimension),  we  define  that 
feature  as  a  plasma  bubble  (,e. g.,  dashed  contour  in  Figure  4).  When  the 
width  is  comparable  to  or  greater  than  its  length,  we  define  that  plasma- 
depleted  region  as  an  upwelling,  or  crest  associated  with  wave  structure 
in  the  bottomside  F  layer.  In  Figure  4,  the  backscatter  that  develops 
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FIGURE  4  SCHEMATIC  MODEL  OF  THE  DISTURBED 
F-LAYER  IONOSPHERE  USED  TO  DEFINE 
THE  TERMS  CONTAINED  IN  THIS  PAPER 
(i.e.,  the  terms  upweiling  (or  crest),  plasma 
bubble,  bottomside  backscatter,  and  back' 
scatter  plumes] , 


aLong  the  bottomside  F  layer  or  within  the  upweLLing  is  called  bottom- 
side  backscatter.  The  backscatter  that  develops  along  walls  or  within 
plasma  bubbles  is  called  a  backscatter  plume. 


C.  Third  Map  (0826  to  0830  UT) 

The  map  in  Figure  2(c),  obtained  during  a  fast  east-to-west  scan 
(4-min  duration),  shows  the  continued  upward  development  of  bottomside 
backscatter  associated  with  the  west  wail  of  the  east  crest.  The  bottom- 
side  backscatter  now  extends  up  to  an  altitude  of  570  km.  Because  the 
tilt  angle  of  the  backscatter  region  is  east  of  vertical  and  nearly  con¬ 
stant  with  altitude,  we  infer  that  a  plume  has  not  yet  developed.  The 
upweiling  of  the  bottomside  F  layer  continues  to  develop,  indicated  for 
example  by  the  increased  amplitude  of  the  east  crest. 

A  similar  upweiling  of  the  altitude  modulation  is  also  evident  in 
the  west  crest.  The  west  crest  in  Figure  2(c)  has  reached  an  altitude 


238 


of  450  km,  approximately  100  km  higher  than  in  the  previous  map.  From 
the  time  difference  between  scans  (25  min),  we  estimated  the  upwelling 
growth-velocity  to  be  67  m/s.  Despite  the  high  altitude  of  the  west 
crest,  ESF  backscatter  has  not  yet  developed.  In  contrast,  we  note  that 
the  development  of  backscatter  in  the  second  map  at  altitudes  as  low  as 
350  km. 

Finally,  the  small  backscatter  patch  associated  with  the  center 
crest,  first  evident  in  the  second  map,  has  developed,  but  is  not  asso¬ 
ciated  with  the  west  wall  of  the  center  crest.  This  development  pattern 
may  be  related  to  the  correspondingly  slow  development  in  amplitude  of 
the  center  crest.  Although  the  amplitude  of  the  center  crest  has  in¬ 
creased  (as  is  evident  by  comparing  the  first  three  maps),  it  is  not 
nearly  as  large  as  that  for  the  other  two  crests.  The  altitude  dependence 
of  wave-amplitude  growth,  suggested  above,  does  not  appear  to  hold  if  we 
compare  growth  rates  of  the  west  and  center  crests.  We  believe  that  the 
wave  growth  does  depend  on  altitude,  as  is  indicated  by  the  growth  of 
individual  crests,  and  that  the  slow  development  of  the  center  crest  is 
caused  by  other  factors,  such  as  growth  suppression  by  electric  fields 
of  adjacent  plumes. 


The  map  in  Figure  2(d),  obtained  during  a  medium-speed  east-to-west 
scan  (lasting  8  min),  reveals  the  first  development  of  a  plume  from  the 
east  crest.  (Towle"  and  Tsunoda1  °  ,:l  '  showed  that  plumes  and  plasma 
bubbles  are  virtually  collocated.)  As  mentioned  previously,  this  infer¬ 
ence  of  plume  development  is  based  on  the  change  in  tilt  angle  of  the 
backscatter  region  at  altitudes  above  600  km.  The  near  verticality  in 
direction  of  the  plume  suggests  that  an  eastward  neutral  wind  is  no 
longer  effective  at  those  altitudes,  and  that  the  growth  velocity  vector 
is  controlled  primarily  by  the  gravitational  term  (collisional  Raylcigh- 
Taylor  instability).  The  predicted  plasma  bubble  velocity  (extrapolated 
from  the  results  of  Ossakow  and  Chaturvcdi,  even  for  a  moderate  percent¬ 
age  depiction  in  cLcctron  density,  exceeds  100  m/s. 


The  patchy  bottomside  backscatter  associated  with  the  center  crest 
has  become  stronger  and  spatially  more  extensive  in  the  fourth  map. 

Note  that  the  structure  has  now  developed  a  tilt  that  is  similar  to  that 
of  the  bottomside  backscatter  associated  with  the  east  crest.  Its  alti¬ 
tude  is  also  higher  than  that  shown  in  the  third  map,  indicating  con¬ 
tinued  upwelling  of  the  center  crest. 

While  the  time  evolution  of  the  center  crest  is  gradual,  that  asso¬ 
ciated  with  the  west  crest  is  not.  The  upwelling  of  the  west  crest  is 
another  100  km  higher  in  altitude  than  is  presented  in  the  previous  map. 
The  corresponding  growth  velocity  of  the  upwelling  is  75  m/s,  slightly 
faster  than  the  velocity  estimated  from  the  two  previous  maps.  The  ob¬ 
served  acceleration  of  the  upwelling  supports  our  interpretation  in 
terms  of  an  altitude-dependence  in  wave-amplitude  growth. 

In  the  fourth  map,  we  also  observe  the  development  of  bottomside 
backscatter  along  the  west  wall  of  the  west  crest.  The  tilt  angle  is 
closer  to  vertical  than  those  found  in  the  other  two  crests.  This  ob¬ 
servation  is  consistent  with  the  rapid  development  of  strong  backscatter 
that  is  expected  if  a  large.-  component  of  the  eastward  neutral  wind  acts 
to  drive  the  gradient-drift  instability.  We  have  shown,  therefore,  that 
all  three  crests  are  associated  with  bottomside-backscatter  development 
along  their  west  walls. 

E.  Fifth  Map  (0907  to  0915  UT) 

In  Figure  2(e),  the  fifth  and  final  map  of  this  sequence,  obtained 
during  a  medium-speed  west-to-east  scan,  we  find  that  a  plume  has  devel¬ 
oped  from  the  bottomside  backscatter  region  associated  with  the  west 
crest.  As  in  the  case  of  the  plume  associated  with  the  east  crest,  the 
orientation  of  the  plume  is  nearly  vertical.  As  discussed  previously, 
this  near-verticality  seems  to  result  from  a  dominance  of  the  gravita¬ 
tional  term  over  the  eastward  neutral  wind  in  the  collisional  Rayleigh- 
Taylor  instability. 

The  relatively  slow  development  of  backscatter  associated  with  the 
center  crest  is  still  apparent  in  the  fifth  map.  Neither  the  tilt  angle 
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nor  the  altitude  of  the  bottomside  backscatter  has  changed,  when  com¬ 
pared  to  that  in  the  fourth  map.  A  plume  has  begun  to  develop;  however, 
it  is  much  smaller  than  those  that  developed  from  the  west  and  east 
crests,  and  is  characterized  by  a  slight  westward  tilt  (from  vertical). 
We  interpret  its  slight  westward  tilt  with  the  low-altitude  development 
of  the  plume.  At  low  altitudes,  the  gravitational  term  is  not  as  domi¬ 
nant  as  at  high  altitudes.  Contributions  of  an  eastward  neutral  wind  to 
the  tilt  of  the  low-altitude  plume  is,  therefore,  probably  significant; 
furthermore,  the  F  layer  was  not  rising  at  that  time,  also  reducing  the 
vertical  velocity  even  more. 


F.  Summary  of  Results 

Analysis  of  ALTAIR  data  taken  on  24  July  1979,  in  the  form  of  ex¬ 
panded  east-west  scans,  has  produced  the  following  results: 

(1)  Incoherent-scatter  measurements  have  shown  that  electron- 
density  contours  in  the  bottomside  F  layer  were  tilted 
and  altitude  modulated  in  east-west  direction. 

(2)  The  observed  altitude  modulation  was  quasi-periodic ,  con¬ 
taining  three  crests  with  an  average  spatial  east-west 
wavelength  of  400  km. 

(3)  The  altitude  modulation  was  observed  around  E-region  sun¬ 
set  and  during  the  postsunset  rise  of  the  F  layer. 

(4)  The  initially  observed  peak-to-peal  Dlitude  of  the  wave 
was  15  to  30  km,  a  significant  fraction  of  the  scale 
height  of  the  neutral  gas  (~  50  km). 

(5)  The  amplitude  of  the  wave-like  structures  as  character¬ 
ized  by  constant  electron-density  contours  grow  with 
time.  The  growth  rates  of  the  west  crest  agreed  well 
with  those  that  were  computed  from  the  linearized  colli- 
sional  Rayleigh-Taylor  and  gradient-drift  instability 
models.  The  growth  rate  of  the  center  crest  appeared 
smaller  than  expected  from  the  same  instability  models. 

(6)  The  rate  of  amplitude  growth  depended  on  altitude,  with 
increased  rates  at  higher  altitudes. 

(7)  Bottomside  backscatter  developed  on  the  west  walls  of 
alL  three  crests.  Their  development  times,  however, 
differed . 


(8)  Plumes  developed  from  each  of  the  three  crests,  but  with 
very  different  rates  of  growth. 
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IV  DISCUSSION  AND  CONCLUSIONS 

In  this  paper,  we  have  presented  the  first  direct  evidence  that 
electron-density  contours  in  the  bottomside  F  layer  are  altitude- 
modulated  prior  to  ESF  backscatter  development.  That  is,  incoherent- 
scatter  measurements  of  the  F-layer  electron  density  were  used  to  plot 
the  contours  of  its  spatial  distribution  (altitude,  east-west  distance). 
These  contours  were  shown  to  have  a  wave  structure.  Related  measurements 
by  Weber  et  al.10  showed  that  6300-A  equatorial  airglow  depletions  could 
be  explained  in  terms  of  an  altitude-modulated  F  layer;  however,  they 
used  the  virtual  heights  of  the  F  layer  and  the  range  to  oblique  reflec¬ 
tions  to  construct  an  altitude-modulated  F  layer. 

The  observed  spatial  wavelength  of  400  km  associated  with  the  wave 
structure  suggests  that  the  results  presented  in  this  paper  might  be 
more  typical  rather  than  the  exception.  Rottger  used  a  transequatorial 
propagation  experiment  to  characterize  the  wave-like  properties  of  ESF 
structure.  He  found  that  the  median  east-west  spacings  of  ESF  patches 
was  380  km,  and  that  the  number  of  patches  observed  at  any  given  time 
ranged  from  one  to  ten.  We  note,  however,  that  most  of  his  observations 
were  made  during  the  night  when  the  F  layer  was  descending;  therefore, 
although  the  spatial  wavelength  found  in  our  data  set  appears  typical, 
the  observation  during  a  time  when  the  F  layer  was  rising,  is  not. 

We  pointed  out  earlier9  that  most  backscatter  plumes  appear  to  de¬ 
velop  during  the  postsunset  rise  of  the  F  layer.  Major  plumes  did  not 
develop  over  ALTAIR  at  later  times  when  the  F  layer  was  descending. 
Plumes,  however,  did  continue  to  drift  eastward,  passing  over  ALTAIR 
during  the  period  when  the  F  layer  was  descending.  These  observations 
seem  to  indicate  that  most  major  plumes  are  generated  close  to  E-region 
sunset  (during  the  lifting  of  the  F  layer)  and  that  they  continue  to  de¬ 
velop  and  decay  thereafter.  We,  therefore,  conclude  that  the  results 
reported  here  probably  represent  the  typical  case  for  plume  generation. 

The  conclusion  that  an  upward-moving  F  layer  represents  typical 
initial  ionospheric  conditions  for  wave  growth  and  plume  generation  is 
crucial  in  the  determination  of  the  wave  amplification  mechanism.  One 
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mechanism,  spatial  resonance,16"18  would  be  eliminated  or  at  least  its 
effectiveness  can  be  reduced  severely  by  this  conclusion.  The  key  to 
spatial  resonance  is  to  allow  "infinite"  interaction  time  between  a 
neutral-gas  disturbance  (e.g.,  atmospheric  gravity  waves)  and  the  F-region 
plasma  by  matching  the  phase  velocity  of  the  wave  to  the  bulk  plasma  mo¬ 
tion.  Because  typical  atmospheric  gravity  waves  have  a  downward  compo¬ 
nent  of  phase  velocity,  the  rising  F  layer  would  be  antiparallel  to  this 
component,  thus  resulting  in  a  mismatch  that  appears  to  reduce  drastici- 
cally  the  effectiveness  of  spatial  resonance.18 

On  the  other  hand,  there  appears  to  be  no  need  for  further  contribu¬ 
tions  to  wave  growth  other  than  the  generalized  gradient-drift  instability 
(which  includes  the  collisional  Rayleigh-Taylor  instability).  We  found 
from  the  data  in.  Figure  2  that  the  observed  growth  in  wave  amplitude 
(upwelling  of  altitude-modulated  regions)  was  in  good  agreement  with 
theoretical  estimates  based  on  the  generalized  gradient-drift  instability. 

The  apparent  ineffectiveness  of  the  spatial  resonance  mechanism 
under  the  ionospheric  conditions  described  does  not  mean  it  does  not 
have  a  role  in  ESF  phenomena.  It  might  still  represent  a  viable  means 
of  sustaining  ESF  structures  during  the  descent  of  the  F  layer.  At  the 
moment,  however,  spatial  resonance  does  not  appear  to  be  the  "seed" 
mechanism  that  establishes  the  character  of  the  geophysical  noise  that 
is  amplified  by  the  generalized  gradient-drift  instability. 

The  upwelling  of  crests  to  altitudes  as  high  as  570  km  has  never 
before  been  reported.  With  the  bottomside  F  layer  located  at  a  350-km 
altitude,  the  upwelling  represents  a  220-km  upward  displacement.  This 
result  suggests  that  many  of  the  plasma  bubble  signatures  through  an 
altitude-modulated  bottomside  F  layer.  For  example,  McClure  et  ai.19 
reported  AE-C  measurements  made  at  altitudes  ranging  from  650  km  down 
to  200  km;  therefore,  some  care  must  be  taken  in  interpreting  in-situ 
data. 

The  growth  in  wave  amplitude  was  followed  by  the  development  of  ESF 
backscatter  on  the  west  walls  of  all  three  upwellings.  We  have  thus 
shown  that  not  only  is  the  F  layer  altitude  modulated,  but  that  ESF 
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structuring  is  indeed  initiated  on  the  west  wall  of  the  upwellings.  We 
earlier9  that  the  source  of  the  east-west  asymmetry  was  the  eastward 
neutral  wind  blowing  through  the  west  wall  of  the  upwellings.  Allowance 
for  an  east-west  neutral  wind  in  the  reference  frame  of  the  moving  plasma 
has  been  proposed  previously  as  the  explanation  of  the  tilt  of  back- 
scatter  plumes  and  the  electrodynamics  of  plasma  bubbles.3 ,20 >B  The 
development  of  east-west  asymmetry  in  the  spatial  distribution  of  ESF 
irregularities,  however,  has  not  been  considered  previously.  Because  of 
the  cascading  process  by  which  large-scale  ESF  structures  lead  to  the 
development  of  small-scale  ESF  irregularities  (e.g.,  radar  backscatter) , 
it  is  likely  that  a  similar  east-west  asymmetry  exists  in  larger-scale 
ESF  structures,  e.g.,  as  measured  by  in-situ  probes  and  by  scintillations 
of  transionospheric  signals. 

Several  important  questions  remain  to  be  answered.  First,  F-region 
neutral-wind  measurements  must  be  made  in  conjunction  with  plasma  drift 
and  ESF  backscatter  measurements  to  verify  that  the  eastward  neutral  wind 
does  blow  through  the  upwellings.  F-region  neutral  winds  were  measured 
simultaneously  with  this  ALTAIR  data  set,  by  researchers  from  the  Uni¬ 
versity  of  Pittsburgh.21  The  results  of  the  comparative  analysis  will 
be  presented  in  a  future  paper. 

Second,  there  is  still  the  question  of  the  source  of  the  wave  struc¬ 
ture  observed  in  the  maps  in  Figure  2.  Because  the  wave  amplitude  was 
already  large  at  E-region  sunset,  it  is  not  clear  whether  the  source 
operates  under  daytime  or  nighttime  conditions  or  both.  It  is  important 
to  know,  for  example,  whether  F-region  polarization  electric  fields 
could  be  set  up  at  the  time  of  the  observations  by  the  F-region  dynamo. 

And  third,  is  the  generation  and  time  evolution  of  backscatter 

plumes  influenced  by  coupling  processes  between  adjacent  plumes  in  a 
multiple-plume  environment?  In  this  data  set,  there  appeared  to  be  a 
suppression  of  plume  development  in  the  center  crest. 
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ABSTRACT  . 

The  recent  Kwajalein  radar  backscatter  observations  on 
17  July  1979  of  11-cm  irregularities  at  high  altitudes  during 
equatorial  spread  F  are  explained  in  terms  of  the  kinetic 
lower-hybrid-drift  instability.  The  instability  depends  on 
there  being  regions  of  steep  plasma  density  gradients  and 
low  plasma  density.  The  absence  of  radar  backscatter  from 
11-cm  irregularities  at  lower  altitudes  can  be  attributed  to 
the  stabilizing  influence  of  electron-neutral  collisions. 


I  INTRODUCTION 

During  the  past  several  years,  high-frequency  radar  backscatter 
experiments  have  revealed  a  spectrum  of  short-wavelength  (i.e.,  below 
the  ion  gyroradius)  irregularities  during  equatorial  spread  F  (ESF). 

Radar  backscatter  observations  at  50  MHz,  155  MHz,  and  415  MHz  indicate 
that  density  fluctuations  exist  with  scale  sizes  of  3  m,  1  m,  and  36  m, 
respectively.1-6  Most  recently,  on  17  July  1979  between  1102  and  1110  UT 

References  are  Listed  at  the  end  of  this  paper. 
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(one  and  one-half  hours  prior  to  rocket  launch),  R.  T.  Tsunoda6  observed 
radar  backscatter  from  11-cm  irregularities  at  high  altitudes,  during 
ESF  using  the  TRADEX  radar  with  a  frequency  of  1320  MHz.  These  observa¬ 
tions  were  part  of  the  coordinated  Defense  Nuclear  Agency  campaign  at 
Kwajalein  to  study  ionospheric  irregularities  during  ESF.  The  program 
was  designed  to  obtain  simultaneous  radar  backscatter  results  and  in- 
situ  rocket  measurements  of  density  and  fluctuating  fields.  Because  the 
11-cm  observations  were  made  prior  to  the  rocket  launch,  but  during  ESF, 
coincidental  in-situ  plasma  and  fluctuation  data  are  not  available. 

He. -ever,  presumably  ionospheric  plasma  conditions  were  similar  during 
the  various  measurements. 

•7 

Sharp  density  gradients  were  observed  during  this  campaign  and 
have  been  observed  during  past  ESF  events.0’"'  The  scale  lengths  of 
those  gradients  range  from  tens  of  meters  to  several  hundred  meters  and 
presumably  are  due  to  primary  longer-wavelength  instabilities  such  as 
the  Rayleigh-Taylor  instability.  Because  the  typical  ion  gyroradius  is 
rT .  ~  5  m,  it  is  found  that  rr./L  &  0.02  where  L  is  the  density  gra- 
dient  scale  length.  Based  upon  this  evidence,  it  has  been  suggested 
that  various  drift  instabilities  are  responsible  for  the  short-wavelength 
irregularities, 0-6 »t  depending  upon  the  wavelength  observed.  Although 
collisionless  drift  waves  would  easily  be  excited  under  these  circum¬ 
stances,  collisional  effects  have  a  stabilizing  influence  on  the  insta¬ 
bilities  thus  far  investigated . 3 _1 0  Specifically,  the  lower-hybrid- 
drift  instability  is  the  prime  candidate  to  explain  the  1-m,  36-cm,  and 
11-cm  irregularities.  However,  recent  work’10  has  indicated  that 
electron-electron,  electron-ion,  and  electron-neutral  collisions  stabil¬ 
ize  the  instability  and  an  approximate  threshold  condition  has  been 
derived.1  0 

In  the  light  of  the  July  1979  observations  of  11-cm  irregularities 
and  theoretical  results,  wc  show  that  the  lower-hybrid -drif t  instability 
is  the  most  probable  cause  of  the  small-scale  irregularities,  i.e., 

LL  cm,  36  cm,  and  1  m,  observed  during  ESF.  Moreover,  we  discuss  the 
role  of  these  irregularities  on  the  large-scale  plasma  behavior  during 
these  periods. 
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II  THEORY 


Wc  consider  a  plasma  immersed  in  a  homogeneous,  unidirectional 

field,  B  =  e^,  with  an  inhomogeneous  density  profile,  n  =  n(x),  and 

a  constant  temperature,  T  =  T.  =  T.  Each  species,  a  (i.e.,  electrons 
+  e  1  _  2 

and  0  ions),  has  a  diamagnetic  drift  velocity,  =  (v^/2.:^)  d  in  n/dx 

where  v  =  (2T  ] m  is  the  thermal  velocity,  i  =  e  B  /m  c  is  the 

cyclotron  frequency  and  n  =  tig  »  n^.  A  net  current  exists  in  the  plasma, 

J  =  en(V,.  -  V,  )e  ~  2en  V,.  e  ,  that  provides  the  free  energy  to 
o  di  de  y  di  y’  c 

drive  an  instability.  Perturbed  quantities  are  assumed  to  vary  as 

exp[iky  -  jcut]  and  we  consider  electrostatic  oscillations  only  because 

3  «  1.  We  make  use  of  the  local  approximation,  which  requires  kL^  »  1, 

where  =  (d  fn  n/dx)  ^  is  the  density  gradient  scale  length.  The  ions 

are  considered  unmagnetized  while  the  electrons  are  considered  magnetized. 

The  ions  behave  as  unmagnetized  particles  for  the  wavelengths  under  con- 

2  ^ 

sideration  (k  r  ~  10  )  because  of  ion-ion  collisions.'  Electron-neutral, 

1-4  JL 

electron-electron  and  electron-ion  collisions  are  included  in  the  analy- 

2  2 

sis  via  an  effective  collision  frequency,  v  =  v  +  v  . (1  +  0.15k  r.  ), 

n  ' ’  e  en  ei  Le 

where  r,  =  v  / I  .  I  is  the  mean  electron  Larmor  radius.1 0,11  We  note 
Le  e  e 1  2  2 

that  our  coefficient  of  k  rLc  differs  from  that  of  Sperling  and  Goldman10 
because  of  a  different  definition  of  the  thermal  velocity. 

Based  upon  these  assumptions,  we  obtain  the  following  dispersion 
equation  for  the  lower-hybrid-drift  instability 

0(a),  k)  =  1  +  x.t  +  Xc  (1) 


*'  3 

*•<1 


i 
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►  1 

*  1 


* 
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2  2  2  2 
where  uu  =  4xn  e  / in  ,  v  =  2T  /m  ,  a  =  e  B  /m  c,  V  =  (v  / 2,1  )d 
pa  a  a  a*  a  ex  a  a  a  o  a  *  da  a  or 


£n  n/dx,  v  =  v  +  v  .(1  +  0.3  b  ),  b  =  k2r2/2,  F  (x)e  X,  I  is  the 


e  en  ei  e  e  Le  o  n 

modified  Bessel  function  of  order  n,  and  Z  is  the  plasma  dispersion 
function.  We  note  that  Eq.  (3)  is  based  upon  the  BGK  collision  model 
and,  strictly  speaking,  does  not  correctly  treat  electron-electron  col- 


12 

13 


lisions.i<i  However,  electron  viscosity  is  modeled  approximately  via 


the  term  proportional  to  k  r  .  Because  the  11-cm  irregularities 

LE 


correspond  to  kr^g  w  2,  it  is  clear  that  electron  viscuous  effects  are 


only  moderately  important;  moreover,  the  BGK  model  is  adequate  in  the 
absence  of  temperature  gradients,12  as  is  the  situation  in  the  F  region. 
Thus,  Eq.  (3)  can  confidently  be  used  to  describe  the  electron  response 
qualitatively.  The  quantitative  results  based  upon  Eq.  (3)  are  approxi¬ 
mately  correct  because  a  model  Fokker-Planck  equation  is  used  to  describe 
the  collisionality. 


Because  «  v^  (which  corresponds  to  r^  «  L^),  we  can  expand 


the  plasma  dispersion  function  in  the  small  argument  limit  (e.g.,  Z(Y) 
U/i c).  The  dispersion  equation  assumes  the  form 


D(u;,k)  = 


2uu  .2 

1  +~^~ 
,22 
k  v. 
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1  +  i^/jt 


u>  -  kV  , . 

/,-  dl- 


kv. 
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(A) 


2uu  2 
pc 


.2  2 

k  v 
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uu  -  kVj  +  iv 

1 - — - ^  T  (b  ) 

uu  +  iv  o  e 


IV 


.-1 


-  t  r  (b  > 

uu  +  iv  o  e 


=  0, 


In  the  limit  y 
solution 


v  «  u  , 

c  r 


<d  =  uu^  +  iy,  Eq.  (4)  has  the  following 


uu  =  T  kV , . 
r  o  di 


1  +  k2\  2  +  (T./T  )(1  -  r  ) 

dl  1C  O 


(5) 


-  uu  (uu  /kV  . .  ) 
r  r  di 


,  uu 
\  Jt  r 
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kV, 


T.  v 

- - (1 

kv .  r  i» 

i  e  r 


/  kV..T\ 

'  )  1  +  —  r£) 

0  \  Li  / 


(6) 


where  \..2  =  v.2/2uu  .2  and  the  argument  of  T  has  been  suppressed.  In 
di  i  pi  °  o  rr 


the  absence  of  collisions  (v  =  0),  instability  occurs  for  uu  <  kV , . , 

e  r  di 
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and  there  is  no  threshold  requirement.  However,  electron  collisions  are 
stabilizing  and  place  a  threshold  condition  on  the  drift  velocity  to  ex¬ 
cite  the  mode.8’10  Substituting  Eq.  (5)  into  Eq.  (6),  the  critical 
drift  velocity  (i.e.,  such  that  v  >  0)  is  given  by 


(i  -  r  )  (2  +  kV  -  r  )2(2  +  k2x  2) 

o  di  o  di 


kr,  T  2(1 
Le  o 


r  )  +  .2. 

o  k  A 


di 


1/2 


(7) 


This  corresponds  to  a  critical  density  gradient  scale  length  via 
.  cr 


n 


*  <VV„  <cu/2>- 


We  now  apply  Eq.  (7)  to  plasma  conditions  relevant  to  equatorial 

spread  F  to  determine  whether  or  not  the  lower-hybrid-drift  instability 

is  responsible  for  the  11-cm  radar  backscatter  observations.  We  choose 

B  =  0,3  G.  T  =  T.  =  0.1  eV  and  m.  =  16  m  .  The  collision  frequency  is 
’el  l  p 

given  by 


v 

e 


v 

en 


+  v  .  (1 
ei 


2  2 

+  0.15  k  r,  ) 
Le 


,  14  IS 

where  » 


v 

en 


5.0  A  10 


n  T 
n  c 


1/2 


-1 

s 


(8) 


(9) 


v  .  =  (A/3.5  x  105)(n  /T  3/2)  s"1  (10) 

cl  e  e 


and  is  the  neutral  density,  n^  is  the  eLectron  density,  X  =  23.4  - 

1.15  log  n  4-  3.45  log  T  ,  and  T  is  given  in  eV.  We  plot  (V../v.) 

e  e  e  dx  l  Cr 

c  r 

and  L  (meters)  versus  kr  in  Figure  1  for  the  following  values: 

n  4  ^  ^  j  uc  g  9  3 

n  =  10  ,  10  ,  10  cm  and  n  =  10  ,  5  x  10  cm  .  The  range  in  elec- 
e  n  6  3 

tron  density  corresponds  to  the  range  from  ambient  density  (n^  ~  10  cm  ) 

to  the  density  within  ionospheric  bubbles  or  plasma  depletions 
4  -3 

(n  ~  10  cm  ).  The  values  of  the  neutral  density  are  for  altitudes 

c  8-3  9-3 

~  450  km  (n  ~  10  cm  )  and  250  km  (n  ~  5  X  10  cm  )  during  sunspot 
n  n 

maximum.1"  Tl;  altitude  ~  450  km  corresponds  to  the  region  from  which 
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the  11-cm  radar  backscatter  returns  were  observed6  (severe  backscatter 
on  17  July  1979  between  1102  and  1110  UT  extended  from  437  km  to  457  km 
in  altitude  with  a  peak  in  backscatter  strength  at  447  km);  whereas, 
the  250-km  altitude  corresponds  to  the  bottom  of  the  F  region  on  that 
same  night.  Also,  we  have  marked  the  values  of  krT  ,  which  correspond 
to  1  m,  36  cm,  and  11  cm,  respectively.  Several  interesting  features  of 
Figure  1  are  as  follows. 

c  r 

First,  minimum  values  of  (V,./v.)  and  L  exist  for  krT  ~  0.6  as 

di  i  cr  n  Le 

noted  by  Sperling  and  Goldman.10  The  minimum  is  rather  broad  for  low  n^, 
but  becomes  sharper  as  n^  is  increased.  This  indicates  that  for  a  given 
density  and  density-gradient  scale  length,  only  a  certain  range  of  kr 

Le 

can  be  excited  linearly.  Second,  larger  values  of  the  neutral  density 
require  larger  drift  velocities  (or  shorter  density-gradient  scale 
lengths)  as  expected.  This  is  a  more  dramatic  effect  at  lower  electron 

densities  (n  ~  10^  cm"^)  than  higher  electron  densities  (n  ~  106  cm’^) 

6  4  e  -3 

simply  because  v  ,/v  scales  as  n  .  Finally,  for  n  =10  cm  there 
ei  n  e  e 

is  a  cutoff  at  kr,  «  1.5,  because  kX,  &  1  for  these  values,  and  col- 
Le  de  ’ 

lective  plasma  phenomena  are  not  expected  to  occur  on  length  scales 

shorter  than  a  Debye  length.  Thus,  for  electron  densities  less  than 
4-3 

10  cm  ,  there  will  be  no  density  fluctuations  with  scale  lengths 
shorter  than  20  cm,  other  than  thermal  fluctuations. 


Ill  DISCUSSION 

During  the  DNA-coordinated  17  July  1979  ground-based,  rocket  and 
satellite  campaign  to  study  ionospheric  irregularities  during  equatorial 
spread  F  at  Kwajalein,  Tsunoda6  observed  radar  backscatter  from  11-cm 
irregularities.  These  are  the  smallest-scale  irregularities  observed 
thus  far  and  are  comparable  to  the  mean  electron  Larmor  radius  (rT  ~  3  cm). 
An  important  feature  of  the  experimental  results  is  that  these  irregu¬ 
larities  were  only  observed  at  high  altitudes  (~  450  km).  During  the 
rocket  flight,  which  occurred  subsequent  to  the  11-cm  radar  backscatter 
measurements,  in-situ  probes  detected  sharp  density  gradients7 

^  71617  A  ^  3 

(L  *  45  m)  and  large  density  depletions  >  ’  (n  ~  several  X  10  cm  ). 

n  c 
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at  high  altitude  (~  500  km).  We  note  that  previous  in-situ  rocket  mea¬ 
surements  have  found  density-gradient  scale  lengths3  as  small  as  30  m. 


These  data  suggest  the  following  scenario:  As  ESF  develops,  density 
depletions  rise  to  the  topside  of  the  F  region  where  the  neutral  density 
is  low  (~  450  km).  Within  these  plasma  bubbles  (where  electron  colli- 
sional  effects  are  minimal)  sharp  density  gradients  exist  that  can  ex¬ 
cite  the  lower-hybrid-drift  instability.  The  density  fluctuations  asso¬ 
ciated  with  the  instability  give  rise  to  the  radar  backscatter  measure¬ 
ments  at  1  m,  36  cm,  and  11  cm.  This  can  occur  for  L  ~  20  m,  n  < 

5—3  8—3  ^  e 

10  cm  and  n^  ~  10  cm  (Figure  1),  which  is  consistent  with  observa¬ 
tional  results  to  within  a  factor  of  two.  This  is  quite  good  consider¬ 
ing  the  approximations  involved  in  deriving  the  electron  response 

CEq.  (3)].  At  lower  altitudes  (<  250  km)  the  increased  neutral  density 
requires  a  sharper  density-gradient  scale  length  for  a  given  value  of  n 
(or  lower  values  of  n^  for  fixed  density-gradient  scale  length),  especi¬ 
ally  for  the  11-cm  irregularities  (Figure  1),  and  the  mode  is  stable. 

Also,  it  is  possible  that  the  density  within  the  lower  altitude  density 
.4  -3 

depletions  is  n  ^10  cm  and  radar  backscatter  is  not  observed  at 
c 

11  cm  because  this  is  smaller  than  the  Debye  length.  Thus,  based  upon 
the  linear  theory  of  the  lower-hybrid-drift  instability,  it  is  found 
that  this  mode  is  the  most  probable  cause  of  the  small-scale  irregulari¬ 
ties  (,5  1  m)  observed  during  ESF. 


Finally,  we  discuss  the  possible  role  of  this  instability  in  the 

evolution  of  the  large-scale  plasma  phenomena  occurring  during  ESF. 

Typically,  plasma  microturbulence  influences  the  plasma  via  its  anomalous 

transport  properties  (i.c.,  scattering  of  particles  by  the  collective 

fields  associated  with  the  instability).  A  recent  theoretical  study  of 

the  lower-hybrid-drift  instability1"  indicates  that  this  mode  can  produce 

irreversible  electron  heating  and  diffusion  only  when  e$/T  ~  0.2  to  0.5 

where  1  is  the  fluctuating  electrostatic  potential.  Producing  this 

level  of  turbulence  requires  very  sharp  density  gradients  (L^  Z5  r^), 

which  do  not  exist  during  ESF.  For  typical  ionospheric  conditions  (i.e., 

L  »  r, , the  instability  will  saturate  at  a  low  level  of  turbulence 
n  Li 

and  not  be  an  effective  anomalous  transport  mechanism.  Thus,  the 
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small-scale  density  and  field  fluctuations  associated  with  this  mode 
are  possibly  no  more  than  a  signature  of  EFS,  under  the  proper  conditions, 
and  will  probably  not  significantly  influence  the  macroscopic  fluid  evo¬ 
lution  of  the  plasma  for  scale  sizes  ~  L  . 

n 
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ABSTRACT 

Using  electron-density  profiles  measured  by  the  ALTAIR 
radar  on  17  July  1979,  we  have  performed  global  large-scale- 
size  numerical  simulations  of  the  nonlinear  evolution  of  the 
collisional  Ray leigh-Tay lor  instability  in  the  equatorial 
ionosphere.  The  ALTAIR  profiles  were  taken  approximately 
four  and  one-half  hours  prior  to  the  launch  of  a  rocket 
equipped  with  plasma  diagnostics  instrumentation,  and  about 
one  hour  prior  to  the  onset  of  equatorial  spread  F.  Using 
5-percent  amplitude  sinusoidal  initial  perturbations  in  our 
numerical  simulations,  we  find  fully  developed  spread-F 
bubbles  (plumes)  on  time  scales  of  approximately  one-half 
hour  for  both  small  (8  km)  and  large  (200  km)  horizontal 
scale  lengths. 


I  INTRODUCTION 

During  the  17  July  1979  DNA  PLUMEX  I  experiment,  coordinated  mea¬ 
surements  of  equatorial  spread  F  (ESF)  were  carried  out  by  (1)  radar 
backscatter  using  the  ALTAIR  radar,  (2)  plasma  diagnostics  using  in-situ 
rocket  probes,  and  (J)  scintillation  measurements  using  the  DNA  Wideband 
satellite.  I’rior  to  the  rocket  launches,  however,  ALTAIR  was  used  to 
monitor  the  equatorial  environment  into  which  the  rockets  would  be 
launched.  In  particular,  off-perpendicular  "incoherent"  scans  were 
made,  giving  direct  profiles  of  electron  density  versus  altitude,  as 
well  as  coherent-backscatter  measurements.  Using  a  background  laminar- 
electron-density  profile  of  this  type,  which  was  taken  before  the  onset 
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of  spread  F,  as  the  ambient  laminar  ionospheric  profile,  we  have  per¬ 
formed  numerical  simulations  of  the  nonlinear  evolution  of  the  colli- 
sional  Rayleigh-Taylor  instability.  This  phenomenon  is  believed  to  be 
the  cause1-6  of  the  large-scale  irregularities  during  ESF. 

Our  results  indicate  fully  developed  spread-F  plumes  (bubbles)  on 
time  scales  of  approximately  one-half  hour,  using  initial  sinusoidal 
perturbations  of  5-percent  amplitude  and  two  different  horizontal  wave¬ 
lengths  (8  km  and  200  km).  ALTAIR  radar  and  ionosonde  data  indicate 
fully  developed  spread  F  at  approximately  one  hour  after  the  aforemen¬ 
tioned  profile  was  taken.6  The  difference  in  times  could  easily  be  ac¬ 
counted  for  simply  by  assuming  a  smaller  initial  perturbation,  i.e., 
the  present  measurements  do  not  provide  us  with  all  the  pertinent  ini¬ 
tial  conditions  prior  to  ESF  onset.  Other  factors,  such  as  (1)  the  sig¬ 
nificant  differences  between  local  and  magnetic-field-line  integrated 
Pedersen  conductivities,  (2)  the  shorting  effects  of  background  E-region 
conductivities,  and  (3)  the  effect  of  inertial  terms  in  the  ion-momentum 
equation  (ignored  in  our  simulations)  could  also  delay  the  progress  of 
the  instability.  Notwithstanding  these  effects,  our  aim  was  to  show 
that  these  types  of  global  large-scale  numerical  simulations  of  the 
collisional  Rayleigh-Taylor  mechanism  are  consistent  with  the  onset 
time  and  morphology  of  ESF  during  the  17  July  1979  campaign.  We  also 
find  that  the  large-horizontal-scale-length  bubbles  consist  of  plasma 
which  originated  at  much  lower  altitudes  than  that  of  their  small- 
horizontal-scale-length  counterparts,  resulting  in  bubbles  with  much 
greater  depletion  in  the  large-horizontal-scale-length  case.  This  last 
effect  is  explained  by  using  scaling  arguments  similar  to  those  that 
apply  to  the  fringe  field  at  the  edge  of  a  parallel  plate  capacitor.6 

In  Section  II  we  briefly  review  the  relevant  theory  and  equations 
used  in  the  numerical  simulations;  in  Section  III  we  present  and  analyze 
the  numerical  results;  and  in  Section  IV  a  summary  is  presented. 
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II  THEORY 


A  complete  description  of  our  theoretical  and  numerical  model  of 
the  equatorial  spread-F  phenomenon  has  already  been  published.4  To  ex¬ 
plain  the  phenomenon  briefly,  we  assume  that  the  magnetic-field-line 
integrated  Pedersen  conductivity  in  the  equatorial  ionosphere  is  domi¬ 
nated  by,  and  is  therefore  proportional  to,  the  local  (equatorial) 
Pedersen  conductivity,  which  in  turn  is  proportional  to  the  product  of 
the  local  ion-neutral  collision  frequency  and  the  local  electron  density. 
This  enables  us  to  carry  out  our  simulations  in  a  two  dimensional  (x,y) 
coordinate  system.  The  constant  magnetic  field  B  is  aligned  along  the 
z  axis  (pointing  north).  Gravity  is  directed  along  the  negative  y  axis. 

n(y),  v  (y),  and  \> .  (y)  are  the  ambient  electron  density,  recombination 
K  in 

coefficient,  and  ion-neutral  collision  frequency  respectively.  Magnetic- 
field  lines  are  assumed  to  terminate  at  both  ends  in  an  electrically 
insulated  medium  (currents  must  close  in  the  two-dimensional  plane,  not 
in  some  distant  E  region). 

Following  Ossakow  et  al.,4  we  describe  the  system  with  the  two- 
fluid  plasma  continuity  and  momentum  equations: 


and 


dn 

— t—  +  V  •  (n  v  )  =  -  v„n 
dt  v  a  a  R 


v  (v  -  U  ) 

cm  o  n 


(1) 


(2) 


where  the  subscript,  a,  denotes  the  species  (i  for  ions,  c  for  electrons), 
n  is  the  species  number  density,  v  is  velocity,  v,.  is  the  recombination 
coefficient,  E  is  the  electric  field,  g  is  the  gravitational  accelera¬ 
tion,  q  is  the  species  charge,  v  is  the  species  collision  frequency 

cm 

with  the  neutral  atmosphere,  is  the  neutral  wind  velocity,  c  is  the 
speed  of  light,  and  m  is  the  species  mass. 
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Note  that,  in  contrast  to  Ossakow  ct  al.,  we  have  dropped  the  term 
+  v  n  from  Eq,  (1).  This  is  the  equivalent  of  dropping  the  assumption 
of  the  existence  of  an  ionization  source  given  by  that  term.  This  ioni¬ 
zation  source  was  such  that  the  ambient  ionization  profiles,  n  (y),  was 
an  equilibrium  profile,  (on  /^t  =  0).  Our  present  model,  therefore, 
has  instead 


Sn 


ora 

at 


v„n„ 

R  Qo 


(3) 


Hence,  when  normalized  results  n^(x,y)/nQio(y)  arc  later  presented,  it 
should  be  understood  that  both  the  numerator  and  denominator  are  time 
dependent. 


Figure  1  shows  the  recombination  rate,  v  ,  and  ion-neutral  collision 

K 

frequency,  v  ,  used  in  our  simulations.  It  will  be  seen  presently  that 

v  need  not  be  specified  as  long  as  it  is  much  smaller  than  the  electron 
en 

gyrof requency,  .  For  details  on  the  form  of  v.  and  v  ,  as  depicted 

e  in  K 

in  Figure  1,  see  Ossakow  et  al.1  If  we  neglect  the  inertial  terms  (the 

left-hand  side)  of  Eq.  (2)  by  assuming  the  inertial  time  scales  arc  much 

larger  than  either  the  gyroperiods  or  the  mean  time  between  collisions, 

then  the  equation  can  be  inverted  to  give  an  algebraic  expression  for  v^,. 

In  two-dimensional  (x,y)  geometry  with  Ti  along  tile  z  axis,  the  solution 

is,  for  our  problem,  with  m  <<  m. ,  v .  /  ..  «  1,  v  /  =0  (where  = 

c  r  in  l  en  e  O' 

e li/m  c),  and  ”  =0, 

cv  n  ’ 


v 


c 


2, 


(4) 


and 


+  fE)' 


We  now  make  the  electrostatic  approximate, 


(5) 


(b) 
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IGURE  1  ION-NEUTRAL  COLLISION  FREQUENCY  (SOLID  LINE),  r  AND  RECOMBINATION  COEFFICIENT  (RATE), 
AS  A  FUNCTION  OF  ALTITUDE 


where 


7  =  x(3/Sx)  +  y(3/dy),  and  the  quasi-neutrality  approximation  ng  «  n^  = 

We  then  have 


V 

J. 


•  j  =  0 


) 


and 

i  =  en(v.  -  v  ) 
j  i  e 


(7) 

(8) 


Substituting  F.q.  (4)  and  Eq.  (5)  into  Eq.  (8)  and  evaluating  Eq.  (7),  we 
have  for  the  electrostatic  potential: 


(vinn  = 


B 


m.  , 

-  —  g  r—  (v.  n)  -  -  g 
e  oy  in  c 


3n 

3x 


(9) 


3 

i 

i 


As  in  Ossakow  et  al.,4  wo  set  0  =  0q  +  0^,  where  7^0  q  =  -  (nug/e)  y. 
2 

Because  V -  0,  our  final  potential  equation  becomes 


j. 


(vinn  V^L)  = 


Bg  On 
c  ox 


(10) 


The  effect  of  is  merely  to  superimpose  a  bulk  westward  plasma  veloc¬ 
ity  g /  l.  on  the  electron  velocity  field,  determined  from  0^,  without 
affecting  the  morphology  of  the  developing  structures;  hence,  we  ignore 
this  motion.  In  addition,  we  have  ignored  any  upward  or  downward  bulk 
motion  of  the  ionospheric  plasma,  i.e.,  any  ambient  eastward  or  westward 
electric  field.  This  is  done  because  we  have  chosen  a  starting  time  for 
our  simulation,  which,  while  prior  to  ESF  onset,  coincides  with  essen¬ 
tially  no  upward  or  downward  bulk  motion  of  the  ionospheric  plasma. 

Our  assumption  of  quasi-neutrality  has  made  one  of  our  two  continu¬ 
ity  equations,  Eq.  (1),  redundant;  therefore,  we  choose  the  electron 
equation  for  its  simplicity: 


t 


* 
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(11) 


dn  d  /  nr  ^l\  _d_  /  nc  ^1  \  _ 

dt  "  dx  y  B  dy  J  dy  ^  B  dx J  VRn 

III  NUMERICAL  SIMULATION  RESULTS  AND  DISCUSSION 

Equations  (10)  and  (11),  together  with  appropriate  boundary  condi¬ 
tions,  constitute  the  nonlinear  system  of  equations  we  shall  solve  nu¬ 
merically.  The  numerical  calculations  to  be  presented  were  performed 
on  a  two-dimensional  cartesian  (x,y)  mesh,  using  42  points  on  the  x 
(east-west)  axes  and  142  points  on  the  y  (vertical)  axis.  The  (uniform) 
grid  spacing  was  2  km  on  the  y  axis  for  all  calculations.  The  grid 
spacing  on  the  x  axis  was  200  m  in  the  "small"  horizontal-scale-length 
cases  and  5  km  in  the  "large"  cases.  The  bottom  of  the  grid  corresponds 
to  282-km  altitude  and  the  top  of  the  grid  to  564-km  altitude  in  all 
simulations.  Periodic  boundary  conditions  were  imposed  on  both  n  and  0^ 
on  the  x-axis.  In  the  y  axis,  transmittive  boundary  conditions  were 
imposed  on  n  (dn/dy  =  0)  and  Neumann  boundary  conditions  (00^/oy  =  0) 
were  imposed  on  0^. 

Three  kinds  of  plots  will  be  presented:  (1)  contours  of  constant 
n(x,y,t);  (2)  contours  of  constant  n(x,y,t)/no(y,t) ;  and  (3)  contours 
of  constant  electrostatic  potential  0^.  Superimposed  on  each  contour 
plot  is  a  broken  line  depicting  no(y,t)  for  reference  purposes.  Our 
initial  electron  density  profile  n  (y,0)  is  taken  from  data  supplied  to 
us  by  Tsunoda,  and  is  derived  from  an  off-perpendicular  VHP  ALTAIR  scan 
taken  at  0804  UT  on  17  July  1979.  We  found  it  necessary  to  introduce 
some  smoothing  of  the  raw  data  by  using  a  standard  Shuman  filter,  to 
eliminate  spurious  regions  of  stability  and  instability  in  the  initial 
profile.  In  general,  the  bottomside  gradient  scale  lengths  associated 
with  this  profile  are  quite  a  bit  larger  than  those  we  have  used  in 
previous  simulations.  »“  This  factor  by  itself  would  tend  to  give  us 
smaller  linear  growth  rates  for  the  collisional  Ray leigh-Taylor  insta¬ 
bility.  This  decrease  in  linear  growth  rate  is,  however,  offset  by  the 
fact  that  the  whole  ionosphere  is  somewhat  higher  (an  effect  that  tends 
to  increase  the  linear  growth  rate)  than  that  used  in  our  previous  work.' 
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The  higher  altitude  of  the  ionosphere,  however,  will  not  offset  one  other 
effect  of  the  large  initial  gradient  scale  lengths:  viz.,  the  displace¬ 
ment  of  a  plasma  fluid  element  vertically  for  a  given  distance  will  re¬ 
sult  in  a  smaller  relative  depletion  level.  All  other  things  being 
equal,  larger  gradient  scale  lengths  in  the  initial  electron  density  pro¬ 
file  will  therefore  produce  bubbles  with  less  depletions.  To  summarize, 
we  expect  approximately  equal  growth  times,  but  bubbles  with  less  deple¬ 
tion  than  we  have  seen  in  our  previous  work. 

Our  initial  perturbation  is  given  by  a  pure  sine  wave  of  wavelength 
40(Ax),  our  system  length  on  the  x  axis: 

Skb^jL?.).  =  i  _e“3  cos  /  \  (i2) 

no(y,0)  e  COS(20Ax/  * 

Two  simulations  have  been  run: 

(1)  S,  with  Ax  =  200  m;  and 

(2)  L,  with  Ay  =  5  km. 

These  two  cases  are  meant  to  span  the  range  of  actual  observed  horizontal 
scale  lengths.  Figure  2  shows  isodensity  contours  of  calculation  S  at 
six  times  during  the  simulation.  Figure  3  shows  the  same  contours  at 
six  different  times  for  calculation  L.  The  presence  of  lower  density 
plasma  in  the  bubble  in  calculation  L  is  obvious.  It  is  also  obvious 
that  calculation  S  seems  to  proceed  in  two  separate  stages,  with  a  small, 
low-depletion- level  bubble  going  through  the  F2  peak  at  about  1200  s, 
followed  by  the  main,  somewhat  more  depleted,  bubble  800  s  later.  This 
is  in  contrast  to  calculation  L,  where  plasma  from  much  lower  altitudes 
is  drawn  up  into  the  bubble  in  one  stage.  Note  that  in  both  cases  wc 
have  fully  developed  plumes  (bubbles)  in  2000  s. 

Late- time  contours  of  relative  electron  density,  n(x,y , t )/n  (y, t) , 
are  shown  for  calculations  S  and  L  in  Figures  4(a)  and  4(b),  respect¬ 
ively.  Solid  Lines  define  depleted  regions,  and  broken  lines  define  en¬ 
hancements.  For  depletions,  the  contour  levels  are  such  that  for  the 
first  (outermost)  contour,  n/n ^  is  0.5;  and  for  each  succeeding  contour. 
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FIGURE  2  SEQUENCE  OF  SIX  PLOTS  SHOWING  ISOELECTRON- 
DENSITV  CONTOURS  OF  CALCULATION  S  AT  0. 
1200,  1650,  1850,  1950,  AND  2050  s.  Superimposed 
on  each  plot  is  a  long  dashed  line  depicting  nQ(y,t). 
Electron  densities  are  given  in  cm’^.  The  observer  is 
looking  southward. 
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tt/no  is  multiplied  by  0.5.  The  third  solid  contour  line  thus  represents 
a  value  of  n/n^  that  is  equal  to  (0.5)^  =  0.125,  or  an  87.5-percent  de¬ 
pletion.  For  the  first  broken  contour  line,  n/n^  is  2.0;  and  for  each 
succeeding  contour  line,  n/n^  is  multiplied  by  2.0.  Percentage  enhance¬ 
ments  and  depletions  are  obtained  by  subtracting  1.0  from  n/n^.  Compari 
son  of  Figures  4(a)  and  4(b)  shows  that  the  depletion  level  of  the  large 
horizontal-scale  bubble  is  greater  than  that  of  the  small-horizontal- 
scale  bubble.  Neither  of  these  calculations,  furthermore,  attain  the 
depletion  levels  seen  in  our  previous  work  (Figure  7  in  Zalesak  and 
Ossakow5).  For  instance,  in  the  calculation  shown  in  Figure  7(b)  of 
Zalesak  and  Ossakow,5  which  is  identical  to  our  calculation  (except  for 
the  initial  ambient  electron  density  profile),  a  plume  of  almost  200-km 
vertical  extent  can  be  found  with  depletion  levels  of  99.9  percent  or 
greater.  A  look  at  Figure  4(b)  shows  that  a  plume  of  similar  dimensions 
can  be  found  only  for  depletion  levels  of  94  percent  or  greater.  These 
smaller  depletion  levels  for  the  ALTAIR  profile  were  expected,  based  on 
our  analysis  of  the  effects  of  larger  gradient  scale  lengths  in  the  ini¬ 
tial  electron-density  profile,  which  was  presented  earlier  in  this 
section. 

An  explanation  for  the  reason  that  larger  horizontal-scale-lengths 
produce  more  severely  depleted  bubbles  is  given  in  Zalesak  and  Ossakow.5 
To  summarize  briefly,  scale  analysus  is  invoked  to  show  that  the  verti¬ 
cal  extent  of  the  polarization  electric  field  produced  by  a  perturbation 
in  the  ionosphere  scales  as  the  horizontal  extent  of  that  perturbation. 
Because  the  electric  field  produces  plasma  movement,  the  vertical  extent 
of  the  polarization  electric  field  will  determine  the  depth  in  the  iono¬ 
sphere  from  which  a  bubble  may  draw  plasma.  The  1  in  altitude  that 

a  plasma  fluid  element  originates,  the  lower  r  ■>  >'  :  ty  is;  therefore, 

the  higher  the  depletion  level  is  of  any  pi.  into  v  j.ch  it  is  drawn. 

To  illustrate  this  point,  we  show  in  Figures  5(a)  and  5(b)  contours  of 
the  polarization  potential,  ^  ,  for  calculation  S  at  1650  s,  and  for 
calculation  L  at  1750  s,  respectively.  Contours  of  constant  0 ^  are  in 
fact  streamlines  for  this  flow  [see  Eqs.  (4)  and  (6)].  Calculation  S 
consists  of  two  convective  cells,  each  mixing  plasma  over  a  fairly 
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Positive  potentials  are  shown  as  solid  lines,  and  nega¬ 
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posed  on  each  plot  is  a  long  dashed  line  depicting 
n0(y.t). 
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narrow  altitude  range,  whereas  calculation  L  has  formed  a  deep  convective 
cell  that  draws  plasma  into  the  plume  from  very  low  altitudes. 


IV  SUMMARY 

Both  of  our  global  large-scale  collisional  Rayleigh- Taylor  nonlinear 
simulations,  using  a  background  electron-density  profile  from  ALTAIR  in¬ 
coherent  radar  measurements  on  17  July  1979  (prior  to  spread  F  onset), 
indicate  fully  developed  ESF  bubbles  in  approximately  one-half  hour. 

ALTAIR  radar  and  ionosonde  measurements  indicated  fully  developed  spread-F 
backscatter  about  one  hour  after  the  profile  was  taken.  The  most  obvious 
explanation  is  that  we  have  possibly  chosen  a  perturbation  amplitude 
that  was  too  large,  but  because  no  in-situ  measurements  were  made  prior 
to  ESF,  the  measurements  do  not  provide  us  with  all  the  pertinent  initial 
conditions  prior  to  ESF  onset.  Other  factors,  such  as  (1)  the  shorting 
effects  of  background  E-region  conductivities,  or  (2)  the  neglect  of  in¬ 
ertial  terms  in  the  ion-momentum  equation,  could  also  influence  the 
speed  with  which  the  instability  proceeds.  In  addition,  neither  the 
chain  of  events  that  leads  from  kilometer-scale  bubbles  to  1-m  back¬ 
scatter  irregularities,  nor  the  associated  time  delays,  are  well  under¬ 
stood.  Our  simulations,  nevertheless,  exhibit  results  which  are  consist¬ 
ent  with  the  onset  time  of  ESF  during  the  17  July  1979  Kwajalein  campaign. 

A  word  of  caution  is  in  order  here  with  regard  to  a  comparison  of 
the  bubbles  we  show  in  our  simulations  and  the  actual  structures  into 
the  PLUMEX  I  rocket  was  launched*  ,y  at  1231  UT  on  17  July  1979.  Accord¬ 
ing  to  ALTAIR  measurements,6  starting  with  the  onset  of  spread  F  at 
about  0900  UT  and  lasting  until  approximately  the  time  of  rocket  launch, 
the  bottomside  of  the  F  region  moved  downward  approximately  140  km,  and 
at  the  same  time  developed  much  smaller  gradient  scale  lengths"  than  we 
have  used  in  the  present  simulation.  In  addition,  the  bubbles  detected 
by  the  in-situ  plasma  probe  at  these  later  times  shows  depletions  ~  90 
percent.  At  least  three  factors  are  in  competition  here:  (1)  the  down¬ 
ward  movement  of  the  ionospheric  plasma  indicates  the  presence  of  an 
electric  field,  which  would  tend  to  reduce  the  growth  rate  of  the 
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instability;  (2)  lower  altitudes  mean  larger  v^,  which  again  would  re¬ 
duce  the  growth  rate;  and  (3)  the  development  of  smaller  bottomside 
gradient  scale  lengths  enhances  the  growth  rate.  In  addition,  the 
ALTAIR  radar  operating  in  the  coherent  mode  showed  that  VHF  plumes  (look¬ 
ing  at  1-m  field-aligned  irregularities)  at  this  late  time  during  ESF 
were  in  a  decay  phase  of  development.  Decaying  plumes  that  had  been 
generated  early  (while  the  ionosphere  was  high)  would  not  disappear 
simply  because  the  plasma  had  been  displaced  downward  later  in  the  even¬ 
ing.  Obviously,  the  actual  physical  situation  at  the  rocket  launch  time 
is  more  complex  than  that  addressed  by  the  simulations  presented  here; 
many  of  these  complexities  will  be  treated  accurately  in  forthcoming 
versions  of  our  simulation  model. 
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ABSTRACT 

The  nonlinear  evolution  of  the  collisional  Rayleigh-Taylor 
instability  in  the  intermediate-wavelength  (100  m  to  1  km) 
regime  in  local  unstable  regions  of  downward-moving  equatorial 
F  layers  has  been  studied  using  numerical  simulation.  For 
ambient  bottomside  electron-density  gradient  scale  lengths, 

L  =  b  -tad  25  km,  large  percentage  depletions  and  spatial  power 
spectra  that,  agree  with  the  in-situ  rocket  observations  during 
the  DNA  sponsored  17  July  1979  Kwajalein  equatorial  spread-F 
campaign. 


I  INTRODUCTION 

j'A'.ntlv  on  17  July  1979  coincident  rocket1  and  radar"  observa¬ 
tions  ot  equatorial  spread  F  were  made  at  the  Kwajalein  Atoll  in  the 
"or  . hall  Islands.  Hie  in-situ  rocket  data  indicated  that  major  deple- 


t ions  w.  r 


distributed  tiiroughout  the  downward-moving  F  layers  with 


t  reiiC'-s  are  listed  at  the  end  of  this  paper. 


intermediate-wavelength  (X  ~  25  m  -  1  km)  irregularity  spatial  power 
spectra  that  are  welL  described  by  inverse  power  laws.  The  VHF  radar 
measurements  showed  that  the  backscatter  "plumes,"  in  addition  to  having 
a  large  vertical  extent  from  the  bottomside  to  the  topside  [see  Kelley 
et  al.,4  McLure  et  al.,5  and  Woodman  and  La  Hoz6],  were  collocated  spa- 
tiaLly  with  the  plasma  depletions7’8  and  could  be  characterized  by  both 
a  growth  and  a  decay  phase.0 

Several  features  of  the  small-scale-irregularity  (X7$  3  m)  signa¬ 
tures  seen  by  the  radar  backscatter  can  be  explained  by  various  plasma 
kinetic  instabilities  [for  a  review,  Ossakow9]  that  presumably  are  driven 
by  steep  gradients  within  developing  plasma  bubbles.  On  the  other  hand, 
there  is  now  evidence  that  the  large-scale  irregularities  result  from 
a  collisional  Kay leigh-Taylor  instability10’11  that  is  driven  by  the 
ambient  bottomside  plasma  density  gradient.  Global10’11"’14  and  local1"" 
numerical  simulations  of  the  coLlisional  Ray leigh-Taylor  instability 
have  reproduced  successfully  the  large  plasma-density  depletions  (bubbles) 
and  associated  spatial  power  spectra  that  have  been  experimentally  ob¬ 
served.  However,  the  aforementioned  in-situ  rocket  observations1’"  were 
made  in  an  1’  layer  that  was  moving  downward,1  which  implies  the  existence 
of  a  large-scale  westward  electric  field.  The  importance  of  this  elec¬ 
tric  field  in  describing  the  development  of  plasma  bubbles  has  been  dis¬ 
cussed  by  several  authors.1'’’1"’17’1  However,  the  previous  analytical 
and  numerical  studies  of  the  nonlinear  collisional  Ray leigh-Taylor  in¬ 
stability  have  not  included  the  effects  of  an  upward-  or  downward-moving 
!•'  layer  in  realistic  geometries. 

In  this  paper  we  study  the  effects  of  a  downward -moving  K  layer  on 
the  development  of  the  intermediate-wavelength  (LOO  m  to  1  km)  colli¬ 
sional  Rayleigh- Taylor  instability.  In  addition  we  compare  our  results 
with  the  recent  17  July  1979  DMA  Kwajatein  in-situ  rocket  data.1’" 

II  Sl’MMARY  01'  DATA 

On  17  July  1979  by  2100  LT,  the  bottomside  of  the  T  region  had 
risen  to  an  approximate  altitude  of  400  km.  The  l’  layer  then  began  a 
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downward  drift  at  an  approximate  velocity1*19  of  —  10  m/s  with  a 
simultaneous  onset  of  spread  F.  With  the  F  layer  drifting  downward  and 
spread-F  conditions  continuing,  a  rocket  was  launched  (1231:30  UT,  17 
July  1979)  when  the  bottomside  F  layer  had  descended  to  an  altitude  be¬ 
low  300  km.  The  upleg-rocket  data  indicated  that  major  depletions 
Bo 

(Sn^/n^  s  90%)  were  distributed  throughout  the  F  region,  with  the  high¬ 
est  percentage  of  the  fluctuations  located  in  the  bottomside  near  the 
260-km  altitude.  In  a  particular  bottomside  region  centered  near  270  km 
(Region  C  of  Szuszczewicz  and  Holmes),  whose  density  gradient  scale  length 

was  L  i  8  km,  but  which  was  surrounded  by  an  L  —  23  km  region,  the  irre- 

-2  5 

gularity  spatial  spectra  were  described  by  an  inverse  power  law,  ~  k  , 

2  _1  _1 

over  the  wave-number  domain*"  between  2it/l  km  and  2rc/ 25  m 


III  EQUATIONS  AND  RESULTS 


The  two  fluid  equations  describing  the  collisional  Rayleigh- Taylor 
instability  in  the  presence  of  a  zeroth-order  horizontal  westward  elec- 


13 


trie  field,  Eq,  have  been  given  (S.  F.  Ossakow  et  al 
and  Haerendclld ) .  These  equations  can  be  written  as  follows: 


and  Anderson 


If  -  f  (Va0l  X  2)  •  Vxn  =  -  vR(n  -  no) 


(1) 


V  •  (v.  nV  0  ) 
1  tn  1*1' 


V  (v.  n)  +  —  (g  X  z)  •  V  n 
x  m  c  x 


(2) 


where  n,  $  ,  v.  v.  ,  15,  g,  and  V  are  the  ion  density,  the  perturbed 

electrostatic  potential,  the  recombination  coefficient,  the  ion-neutral 

collision  frequency,  the  magnetic  field,  gravity,  and  the  two-dimensional 

derivative  perpendicular  to  the  magnetic  field,  respectively.  All  other 

symbols  retain  their  conventional  meaning.  Because  we  arc  interested  in 

studying  intermediate  wavelengths  (  >,  ~  100  m  -  1  km),  we  have  ignored 

inertial  and  temperature  effects  in  Eqs.  (.1)  and  (2).  We  have  written 

dqs.  (1)  and  (2)  in  a  downward -moving  frame  whose  velocity  is  = 

cE  a  Ti/  [T  ‘  10  m/s  and  made  the  separation1"  Vcp.  =  7v  -  m  g/e  +  E  , 
o  1  1  o’ 


where  cp  is  the  total  electrostatic  potential  defined  by  E  =  -Vcp.  Further¬ 
more,  we  have  adopted  the  following  coordinate  system:  the  magnetic 
field,  B,  is  the  z-axis  (north),  the  y-axis  (vertical)  denoted  altitude 
with  g  =  -  gy,  and  the  x-axis  points  westward.  By  linearizing  Eqs.  (1) 
and  (2)  and  writing  n^  =  n  -  n^,  cp^  «  exp  [i(k^x  +  k^y)  +  t], 

k  •  B  =  0,  and  jk|L  »  1  we  find 


From  Eq.  (3)  we  note  that  we  recover  the  usual  collisional  Rayleigh- 
Taylor  instability  if  -  0.  The  growth  rate,  y^,  is  enhanced  (reduced) 
by  an  eastward  (westward)  electric  field,  Eq.  We  are  concerned  only 
with  a  westward  electric  field,  E^  =  Eq  x,  which  produces  a  downward 
moving  F  layer. 

By  defining  n(x,y)  =  n(x,y ) /no(y) ,  cp1(x,y)  =  cp1(x,y)/BL,  x'  =  x/L, 
y'  =  y/L,  and  t'  =  ct/L  where  nQ(y)  =  n0  (1  +  y/L)  with  7]q  =  constant  in 
an  equilibrium  solution  of  Eqs.  (1)  and  (2),  we  can  write  Eqs.  (1)  and 
(2)  in  dimensionless  form  as  follows  (after  dropping  primes  for  clarity): 


dep,  ,  dep  On  dep, 

on  _ 1  On  _ _1  On  _  _n _ o  1  -  .  . . 

bt  dy  dx  dx  dy  nQ  dy  dx  1  n 


(4) 


d“Yp,  d2o,  ,  ,  -  ,  dn  \  dep,  - 

_ _ 1  _ 1  (l  on  _1 _ o  \  1  1  On  _  1  dn 

2  -2  In  oy  n  dy  /  dy  n  dx  2n  Ox 

ox  oy  '  o 


(5) 


wliere  S,  =  Lv  /c  and  5,  =  g/cv,  -  E  /B  are  dimensionless  constants. 

1  K  2  in  o 

Eq.  (.4)  was  integrated  forward  in  time  using  a  flux-co  rectcd""0  leapfrog- 
trapezoidal  scheme.  1  Eq.  (5)  was  solvcJ  for  the  self-consistent  poten¬ 
tial,  t;  ,  using  a  UicLyshev  semiitcrative  multigrid  technique.1  ~  The 
computational  grid  described  a  small  vertical  slice  of  the  bottomside 
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equatorial  F  layer  and  is  defined  by  64  by  64  points  with  a  constant 
mesh  spacing  of  Ax  =  Ay  =  15  m,  which  gives  an  altitude  and  east-west 
extent  of  960  m.  Periodic  boundary  conditions  were  imposed  on  n/n^  and 
cp^  in  both  the  x  (east-west)  and  y  (vertical)  directions. 

The  in-situ  rocket  data  of  Szuszczewicz  and  Holmes  do  not  reveal 
the  initial  conditions  from  which  the  observed  irregularities  developed. 
Many  sets  of  initial  conditions  are  possible.  In  the  context  of  the  ex- 
pt  rimental  observations  of  an  initially  upward-  and  then  downward-moving 
F  layer,1’2’3  we  make  the  reasonable  assumption  that  the  irregularities, 
whose  spatial  power  spectra  are  sampled"1  in  Region  C  of  the  bottomside, 
originate  at  a  higher  altitude(s),  y  ,  at  earlier  time(s)  and  are  con- 
vected  downward  by  the  ambient  F  layer.  From  previous  numerical  simula¬ 
tions16  of  the  intermediate-wavelength  collisional  Rayleigh-Taylor  insta¬ 
bility  for  bottomside  gradient  scale  lengths,  L  =  5  km  -  15  km,  at  an 
altitude  of  300  km,  we  found  that  a  well-developed  nonlinear  regime 

could  be  achieved  after  a  time.  At  —  10  -  15  V  \  where  Y  is  the  maxi- 

m  m 

mum  linear  growth  rate.  We  compute  the  altitude,  yQ,  as  that  altitude 

from  which  after  approximately  10  to  15  growth  times,  the  bottomside 

will  have  moved  downward  to  the  vicinity  of  270  km.  This,  of  course, 

neglects  the  fact  that  Y(y)  will  be  decreasing  because  v.  and  v  will 

in  K 

be  increasing  [Eq.  (3)J  for  a  downward -moving  F  layer.  In  other  words, 

we  wish  to  determine  an  altitude,  y^  -  15Y  ^(y)v^  =  270  km,  where  v^  = 

L0  m/s.  For  L  =  8  km  (25  km),  we  fine  y^  —  335  km  (365  km).  From  the 

Jacchia  model""  neutral  atmosphere,1 3  v  (335  km)  —  0.3  s  v.  (365  km) 

1  /  1  ^  c  i  in 

-0.18  s  ,  vd(335  km)  —  1  X  10  s  ,  v  (365  km)  —  10  s  with  ,1  = 

c  6  -1  R  -1  R  e 
5  X  10  s  and  !  =  300  s  .  From  these  considerations  two  different 

numerical  simulations  were  made  using"  different  equilibrium  density 
gradient  scale  lengths,  L  =  8  km  and  25  km.  Both  simulations  were  ini¬ 
tialized  with  the  following  density  profile:  n(x,y,t  =  0)/nQ  =  1  + 

(y/L)  +  e  (x,y)  where  e  (x,y)  is  a  random  function  of  position  in  the 
x-y  plane  with  a  white-noise- like  spatial  power  spectrum  (no  preferred 
wavelength)  and  an  rms  amplitude  of  0.03.  This  noise-like  power  spec¬ 
trum  and  amplitude  were  adopted  given  that  long-wave  length  Rayleigh- 
laylor  irregularities  existed  (in  that  spread  F  was  already  exhibited). 
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Because  the  real-space  dimensions  of  the  computational  grid  are 
960  m  by  960  m,  the  altitude-dependent  quantities,  v.  (yO  and  v  (y),  do 
not,  at  any  fixed  time,  vary  appreciably  over  the  grid.  Their  scale 
lengths  are  much  greater  than  the  grid  dimensions.  In  fact,  these  quan¬ 
tities  can  be  fit  very  well  with  exponential  variation  in  y,  i.e., 
v^^Cy)  «  exp  (-  y/L  )  and  vR(y)  “  exp  (-  y/L^)  with  —  55  km  and 

L  —  33  km  between  the  altitudes  of  250  and  500  km  using  a  Jacchia 
model23  neutral  atmosphere.1 3  However,  over  several  thousands  of  seconds, 

v.  and  v_  will  change  (increase)  in  a  frame  mo\ ing  downward  with  veloc- 
m  K 

ity  vQ  =  10  m/s.  To  compensate  for  this  effect,  we  convert  the  spatial 
(altitude)  dependence  of  and  into  functions  of  time  by  making 
the  substitution  y  -  v  t.  In  other  words,  during  the  course  of  the 
simulations,  v.  (t)  =  v.  (t  )  exp  (v.-At/L.,)  where  At  is  the  elapsed 
time  and  v^n(to),  vR(tQ)  are  the  initial  values  depending  upon  initial 
altitude.  In  this  simple  model  we  ignore  the  variation  of  the  bottom- 
side  density-gradient  scale  length  with  altitude.  We  now  present  the 
important  nonlinear  aspects  of  these  simulations. 

Figure  1  gives  an  isodensity  contour  plot  of  6n(x,y)/nQ(y),  6n  = 
n(x,y)  -  n  (y),  at  t  =  800  s  for  L  =  8  and  shows  that  the  random  nature 
of  the  initial  perturbations  still  prevails.  The  contours  of  the  random 
initial  perturbations  in  6n(x,y)/nQ(y)  at  t  =  0  s  are  very  similar  to 
Figure  1,  but  with  more  smaller-scale  structure.  Figure  2  displays  the 
evolution  of  6n(x,y)/nQ(y)  at  t  =  2000  s  in  which  some  vertical  elonga¬ 
tion  and  steepening  can  be  seen  togehter  with  small-scale  irregularities. 
Figure  3  illustrates  the  perturbation  density  contours  at  t  =  4500  s  in 
which  further  steepening  and  vertical  elongation  have  occurred.  This 
late-time  density  configuration  is  similar  to  recent  numerical  simula¬ 
tions  of  the  intermediate-wavelength  collisional  Rayleigh-Taylor  insta¬ 
bility15  under  almost  monochromatic  initial  conditions,  i.e.,  with  only 
two  waves  initially  excited.  The  maximum  percentage  depletion  (6n/nQ  <  0) 
in  Figure  3  was  56  percent.  Similar  density-contour  development  and 
latc-time  percentage  depletion  were  found  using  L  =  25  km,  again  start¬ 
ing  from  random  initial  conditions.  These  large  depletions  were  also 
noted  in  the  in-situ  rocket  data.12 
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FIGURE  3  DENSITY  CONTOURS  AT  t  =  4500  s 


In  Figures  4(a)  and  4(b),  we  have  plotted  sample  one-dimensional 
horizontal  P(k^)  and  vertical  P(k  )  spatial  power  spectra  for  2jt/k^, 

2ir/ky  between  approximately  100  m  and  960  m  in  the  nonlinear  regime  for 
L  =  8  km  at  t  =  4000  s.  These  power  spectra  are  obtained  by  integrating 
|6n(k^,ky) /nQ | ^  over  k^  and  k^,  respectively.  These  power  spectra  are 
in  agreement  with  the  bottomside-irregularity  power  spectra  as  determined 
from  rocket  observations  [Region  C  of  Szuszczewicz  and  Holmes*1  ]  in  the 
wavelength  domain  X:  100  m  -  1  km  and  recent  simulations.16  Similar 
power  laws  were  found  for  the  L  =  25  km  case  at  a  later  time. 


IV  SUMMARY 

We  performed  numerical  simulations  of  the  collisional  Rayleigh- 
Taylor  instability  in  local  unstable  regions  of  downward-moving  equa¬ 
torial  F  layers  that  model  the  downward-moving  17  July  1979  Kwajalein 
ionosphere  into  which  the  rocket  was  fired.  For  ambient  bottomside 
plasma-density  gradient  scale  lengths,  L  =  8  km  and  25  km,  the  values 
that  were  obtained  from  the  rocket  in-situ  measurements,2  we  have  demon¬ 
strated  that  large  percentage  of  the  relative  depletions  (large  irregu¬ 
larity  intensity)  can  develop  on  time  scales  of  several  thousands  of 
seconds  from  purely  random  initial  conditions.  In  addition,  we  have 
shown  that  the  one-dimensional  spatial  power  spectra  of  these  irregu¬ 
larities  in  the  vertical  and  east-west  directions  conform  to  power  laws 
“  k  n,  where  n  =  2  to  2.5  for  2n/k  between  100  m  and  1  km.  These  results 
are  in  good  agreement  with  the  recent  in-situ  rocket  observations*  of 
intermediate-wavelength  (X:  25  m  -  1  km)  irregularities  in  the  17  July 
1979  Kwajalein  equatorial  spread-F  environment,  complement  previous  lo¬ 
cal  numerical  simulations, 16  and  lend  further  support  to  the  belief  that 
the  collisional  Rayleigh- Taylor  instability  is  responsible  for  large 
and  intermediate  scale-size  irregularities  in  equatorial  spread  F.  Given 
the  uncertainties  in  initial  conditions,  the  present  numerical  simula¬ 
tions  match  the  in-situ  rocket  data  of  Szuszczewicz  and  Holmes*  quite 
well. 
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FIGURE  4(b)  VERTICAL  SPATIAL  POWER  SPECTRA  AT  t  =  4000 
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ABSTRACT 

Two  multiinstrumented  (including  an  ion  mass  spectrometer) 
Terrier  Malemute  rockets  were  launched  from  Kwajalein  on  the 
nights  of  17  and  23  July  1979  during  equatorial  spread-F  events. 
Detailed  ionospheric  structure  and  composition  measurements  were 
made  between  about  100  and  590  km.  The  first  flight  penetrated 
six  areas  of  "bite-outs"  spread  over  the  range  from  265  to  560 
km  on  the  upleg  as  well  as  several  more  depletions  on  the  down- 
leg.  The  strongest  irregularities,  up  to  90  percent  depletion, 
occurred  at  the  altitudes  from  265  to  285  km,  just  above  the 
F-region  ledge  at  250  km.  There  was  no  evidence  of  enhanced 
bottomside  tracer  ions  (N0+,  0£+  or  meteoric  ions)  in  any  of 
the  holes  which  were  composed  mostly  of  0+  and  smaller  amounts 
of  N+.  From  the  composition  signatures,  the  source  of  the 
bubbles  appeared  to  be  near  the  F-region  ledge.  Within  the 
higher-altitude  holes  the  N+/ 0+  ratios  were  smaller  than  the 
adjacent  ionosphere  ratios,  indicating  not  only  that  the 
source  regions  were  near  the  ledge,  but  also  that  the  bubbles 
had  started  to  form  earlier  when  the  ledge  was  at  higher  alti¬ 
tudes.  Although  0+  and  N+  exhibited  strong  fluctuations,  N0+ 
and  02+  had  fairly  smooch  profiles  with  scale  heights  similar 
to  N2  and  O2,  respectively--demonstrating  steady-state  condi¬ 
tions  and  a  stable  neutral  atmosphere  with  an  exospheric  tem¬ 
perature  of  about  1100  K.  This  suggests  that  neutral  atmo¬ 
spheric  turbulence  is  not  a  major  source  of  the  ionospheric 
irregularities.  Time  periods  for  ion-chemical  processes  to 
achieve  the  observed  composition  are  discussed  in  terms  of 
bubble-formation  times  and  rise  velocities.  The  second  flight 
showed  an  F-region  ledge  near  350  km  and  irregularities  only 
near  the  ledge,  with  0+  dominating. 
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I  INTRODUCTION 


The  ion  composition  inside  and  outside  equatorial  depletions  has 
been  measured  with  satellite  retarding-potential  analyzers  and  ion  mass 

1  “4  ''  "f" 

spectrometers.  Fe  ions  were  found  to  be  either  enhanced  or  depleted 

within  the  holes.  Molecular  ions  (N0+)  were  often  more  abundant  than 

+  +3 

0  ,  which  predominated  outside  the  holes.  Depletions  in  0  up  to  10 

have  been  observed.  The  bite-outs  varied  from  a  few  kilometers  to  tens 

of  kilometers  in  width. 

The  position  of  the  F-region  ledge  was  generally  unknown  during  the 
satellite  measurements.  In  the  equatorial  region,  the  ledge  altitude 
could  be  greater  than  450  km  during  certain  times,  while  outside  this 
particular  region  the  ledge  could  be  at  much  lower  altitudes.  This  per¬ 
haps  explains  both  the  magnitude  and  shape  of  some  of  the  measured  bite- 
outs,  especially  those  of  large  scale,  as  well  as  the  changes  in  compo¬ 
sition. 

To  determine  the  processes  of  equatorial  irregularities  more  clearly, 
it  was  recognized  that  detailed  vertical  profiles  of  the  ionospheric 
plasma  parameters  were  needed  (as  well  as  the  satellite  measurements), 
coincident  with  radar,  ionosonde,  and  neutral  wind  measurements.  Such 
an  effort,  designated  "PLUMEX,"  was  conducted  by  the  Defense  Nuclear 
Agency. 

The  PLUMEX  program,  designed  to  measure  equatorial  ionospheric  irre¬ 
gularities  and  their  effects  on  communications  channels  and  radar,  was 
conducted  at  the  Kwajalein  Atoll  (4.3°N  dip  latitude)  during  July  1979. 

As  part  "f  this  effort  two  multiinstrumented  Terrier  Malemute  rockets, 
each  with  a  plasma  diagnostics  complement  of  plasma  probes,  ion  mass 


References  are  listed  at 


ti>e  end  of  this  paper. 
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spectrometer,  electric-field  sensors  and  a  four-frequency  beacon  were 
flown  during  equatorial  spread-F  events.  The  first  rocket,  PLUMEX  I, 
was  launched  17  July  (0031:30.25  local  time)  and  the  second,  PLUMEX  II, 
23  July  (2157:30.4  local  time).  In  this  paper  we  present  the  results 
from  the  ion  mass  spectrometer  experiments  only.  We  believe  that  these 
represent  the  first  vertical  profile  measurements  of  the  detailed  ion 
mass  composition  and  structure  in  equatorial  ionospheric  plumes. 


II  INSTRUMENTATION  AND  MEASUREMENT  PROGRAM 

Figure  1  shows  a  schematic  of  the  quadrupole  ion  mass  spectrometer. 
The  two  important  data  outputs  of  the  spectrometer  were  the  total  posi¬ 
tive  ion  current  collected  on  the  aperture  plate  that  was  essentially  a 
dc  probe  for  ionospheric  structure  measurements  and  the  mass  spectra  out¬ 
put  for  species  composition.  The  mass  program  for  the  instrument  is  pre¬ 
sented  in  Figure  2.  Five  mass  numbers  were  sampled  in  sixteen  sequences. 
Each  programmed  mass  number  was  measured  for  10  ms  so  that  the  total  pro¬ 
gram  period  was  0.8  s,  covering  80  separate  mass  numbers  including  mass 
repetitions  for  altitude  resolution.  The  species  associated  with  the 
mass  numbers  are  l(H  ),  4(He+),  14(N+),  16(0+),  contaminants  from  water 
vapor  of  17(0H+),  L8(H,0+),  and  19(H30+),  23(Na+),  24-25-26(Mg+) ,  27(A1+), 
28(Si  ),  30(NO  ),  32(0,  )  and  54-5b(Fe+).  The  remaining  mass  numbers 
were  sampLed  to  establish  background  levels.  Between  110  and  588  km, 
the  altitude  resolution  of  the  aperture  plate  output  decreased  from  1.5 
to  0.2  m  while  that  for  the  important  ion  species  decreased  from  150  to 
20  m  each  varying  with  the  vehicle  velocity,  which  diminished  with  in¬ 
creasing  altitude.  The  instrument  was  mounted  on  the  rocket  axis  at 
the  forward  end  of  the  payload.  The  PLUMEX  payload  configuration  and 
flight  scenario  are  described  in  Figure  3. 
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ION  DENSITY 
OUTPUT 


FIGURE  1  SCHEMATIC  OF  THE  OUADRUPOLE  ION-MASS  SPECTROMETER 


MASS  PROGRAM 


SEQUENCE  I  MASS  t  -  AMU 
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1 
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14 

16 

30 

2. 

1 

4 

14 

16 

32 

3. 

14 

16 

28 

54 

56 

4. 

1 

4 

14 

16 

30 

5. 

1 

4 

14 

16 

32 

6. 

14 

16 

28 

54 

56 

7. 

1 

4 

14 

16 

30 

8. 

1 

4 

14 

16 

32 

9, 

14 

16 

28 

54 

56 

10. 

1 

4 

14 

16 

30 

11. 

1 

4 

14 

16 

32 

12. 

1 

4 

7 

8 

56 

13. 

13 

14 

15 

16 

17 

14. 

18 

19 

20 

21 

22 

15. 

23 

24 

25 

26 

27 

16. 

28  29 

SAMPLE  RATE: 

30 

10  ms/amu 

31 

32 

PROGRAM  TIME:  0,8  seconds 

FIGURE  2  SPECTROMETER  PROGRAM  FOR  THE  MEASUREMENT  OF 

SELECTED  ION-MASS  NUMBERS  AT  HIGH-SPATIAL  RESOLUTION 


III  MEASUREMENTS  AND  DISCUSSION 


A.  PLUMEX  I 

Figure  b  shows  the  altitude  versus  current  profiles  of  the  aperture 
plate  output  (digitized  at  2  kHz  and  plotted)  and  the  species  of  0+,  N+, 
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FIGURE  3  PLUMEX  PAYLOAD  INSTRUMENTATION  AND  FLIGHT  FUNCTIONS 
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FIGURE  4 


CURRENT- AMPS 


ASCENT  MEASUREMENTS  OF  PLUMEX  I  SHOWING  THE  APERTURE 

PLATE,  0+,  N+,  N0+  AND  0,+  CURRENT  PROFILES.  Baseline  current 
-11  <6 
is  4  x  4  amps. 


TIME  -  SECONDS 


and  NO"*"  measured  on  ascent  on  PLUMEX  I.  The  positive  spikes  on  the  aper¬ 
ture  current  below  250  km  and  the  negative  spikes  at  higher  altitudes 
are  caused  by  the  nitrogen  gas  bursts  from  the  attitude  control  jets. 

The  rocket  penetrated  six  areas  of  bite-outs  in  the  F  region.  In  no  case 
was  there  any  evidence  of  enhanced  bottomside  ions  (NO"*",  02+,  nor  meteoric 
ions).  The  steep  F-region  ledge  was  created  by  0  ions  where  density  rose 
by  more  than  three  orders  of  magnitude  over  a  space  of  less  than  20  km. 
Estimated  ion  densities  were  about  6  x  10^  ions/cc  at  the  F  peak  and 
about  1100  ions/cc  below  the  ledge  with  an  accuracy  of  roughly  a  factor 
of  2.  N0+  measurements  at  higher  altitudes  where  the  N0+  was  produced 

-f-  -f> 

during  the  jet  bursts  by  the  reaction  of  0  +  N^  ->  NO  +  N  were  not 

plotted  in  Figure  4. 


The  strongest  ionospheric  fluctuations  with  up  to  90  percent  deple¬ 
tion  occurred  between  265  and  285  km.  An  expanded  plot  of  this  region 

-f-  ”f- 

is  given  in  Figure  5.  Note  that  the  0  and  N  ions  generally  follow  the 
ionospheric  fluctuations  as  depicted  by  the  aperture  plate  current  while 
NO+  and  02+  do  not.  It  can  be  shown  that  the  N0+  and  0^+  have  steady- 
state  distributions  under  the  prevailing  ionospheric  conditions. 

-f-  -f 

Figure  6  depicts  the  NO  and  02  chemistry.  Because  the  recombina¬ 
tion  coefficients  (a)  and  reaction  rates  (k)  vary  mainly  with  temperature 
that  is  relatively  constant  over  the  altitude  range  250  to  400  km,  the 
N0+  and  02+  concentrations  should  be  directly  proportional  to  the  N2 
and  02  concentrations  respectively,  as  long  as 


^  N  »(  K0+  +  0  +  ) 

6  u  J  2  i! 


The  molecular  ions  can  achieve  their  steady  state  values  in  a  relatively 
short  time.  An  estimate  of  this  time  may  be  made  by  referring  to  Figure  5. 
Assuming  first  a  zero  order  ionosphere,  removal  of  90  percent  of  the 
plasma  (the  hole  near  273  km)  causes  a  90  percent  depletion  in  0+,  N0+ 
and  0  +.  The  time  required  for  the  molecular  ions  to  return  to  their 
steady-state  values  by  the  chemistry  in  Figure  6  is  approximately  8  to 
9  min.  Note  that  this  time  is  not  necessarily  the  age  of  the  hole  be¬ 
cause  it  could  have  been  in  steady  state  longer.  Note  also  that  this 
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TIME  FROM  LAUNCH -SECONDS 


[•Til 


time  is  not  necessarily  a  lower  limit  on  the  hole's  age  because  the  hole 

may  not  have  been  formed  by  an  abrupt  depletion  mechanism.  However,  the 
■f* 

NO  and  0^  distributions  do  indicate  normal,  relatively  smooth  and 
0^  profiles,  and  this  suggests  that  neutral  atmospheric  turbulence  is 
not  a  major  source  for  bottomside  ionospheric  plasma  irregularities. 

In  Figures  7  and  8  it  is  shown  that  the  N0+  and  density  pro¬ 
files,  and,  in  particular)  the  slopes  calculated  from  and  0^  concen¬ 

trations  taken  from  the  1976  Standard  Atmosphere  match  rather  closely 
with  the  measured  slopes.  From  the  scale  heights  determined  from  slopes 
fit  to  the  data,  an  exospheric  neutral  temperature  of  1100  K  z  150  K  is 
inferred.  Not  only  can  the  neutral  concentrations  of  N^  and  0^  be  de¬ 
termined  from  the  ion  composition  measurements  but  the  concentrations  of 
4 

N(  S)  and  NO  from  the  bottomside  ion  composition  can  be  determined  as 

£ 

well.  This  latter  determination,  however,  will  not  be  performed  here. 

Atomic  nitrogen  ions  may  perhaps  be  the  more  useful  species  for  in- 
ferring  ionospheric  irregularities  processes.  In  Figure  5,  N  shows 
similar  irregularity  structure  as  0+.  The  presence  of  N+  in  this  lower 
altitude  range  indicates  the  need  for  appreciable  downward  transport  of 
N+  because  there  are  no  significant  chemical  sources  of  N+  at  night  and 

N+  is  rapidly  destroyed  in  reactions  with  0...  For  example,  the  lifetimes 

+  ^ 
of  N  at  250  and  300  km  are  about  1  and  7  min,  respectively.  There  was 

indeed  a  significant  downward  ionospheric  drift  of  10  m/s,  as  indicated 
by  simultaneous  radar  observations.6  Because  both  chemistry  and  iono¬ 
spheric  motions  play  equally  important  roles,  the  N+  distribution  can 
only  be  calculated  properly  with  a  detailed  F-region  chemical-transport 
model.  However,  considering  the  short  lifetimes  of  N+,  it  is  perhaps 
unlikely  that  the  irregularity  structure,  in  Figure  5  is  very  much 
greater  than  ten  minutes  old. 

The  N+  distribution  at  higher  altitudes  also  presents  some  interest¬ 
ing  features  as  shown  in  the  N+/ 0+  ratio  versus  altitude  in  Figure  9. 

It  is  seen  that  the  N+/0+  ratio  is  considerably  smaller  in  the  large 
scale  depletions  than  in  the  adjacent  "zero  order"  areas.  This  and  the 
magnitude  of  the  0+  and  N+  concentrations  suggest  that  the  depletions 
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FIGURE  7  A  COMPARISON  OF  THE  NORMALIZED  N0+ 
CURRENT  (PROPORTIONAL  TO  DENSITY) 
WITH  A  CALCULATED  N0+  DENSITY.  The 
slope  yields  the  N2  scale  height  and  temperature. 
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NORMALIZED  CURRENT  -  AHUM/ KM  SEC 


10°  101  102  103  104 
DENSITY  -  CM'3 

FIGURE  8  A  COMPARISON  OF  THE  NORMALIZED  02+ 
CURRENT  (PROPORTIONAL  TO  DENSITY) 
WITH  A  CALCULATED  02+  DENSITY.  The 
02+  calculated  density  profile  must  be  reduced 
by  a  factor  of  1.5  to  yield  the  correct  values. 
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FIGURE  9  THE  N+/0+  RATIO  ON  UPLEG  DEMONSTRATING  THE 
DIMINISHED  RATIOS  IN  THE  HOLES 
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originated  at  or  near  the  bottomside  region 

H  -  M 

hole.  The  radar  data  revealed  that  the  large-scale  depletion  at  475  to 
500  km  was  at  nominal  altitude  for  more  than  30  min  and  that  its  upward 
rise  velocity  was  essentially  zero.7  Furthermore,  the  radar  measurements 
indicated  that  spread  F  occurred  shortly  after  ionospheric  motion  reversal 
from  upward  to  downward  when  the  F-region  ledge  was  at  much  higher  alti¬ 
tudes.7  Thus,  although  it  is  still  true  that  the  ion  composition  indi¬ 
cates  that  the  source  region  of  this  bubble  was  at  or  near  the  F-region 
ledge,  the  ledge  was  probably  at  much  higher  altitudes  than  250  km  when 
these  bubbles  formed.  The  picture  here  seems  to  be  that  the  bubbles  are 
generated  somewhat  continuously  near  the  ledge  and  then  move  upward 
while  the  ledge  is  drifting  downward  during  the  night.  Our  particular 
rocket  launch  took  place  when  the  irregularities  were  in  the  decay  phase, 
which  is  defined  as  the  period  after  the  upward  motion  of  the  depletion 
has  stopped. 

If  the  radar  measurements  were  unavailable  and  it  was  presumed  that 

the  475  to  500-km  depletion  originated  near  262  km,  where  similar  0+ 

concentrations  prevailed,  an  upper  limit  of  the  bubble  vertical  drift 

velocity  could  be  calculated  by  utilizing  the  source  region  levels  of 
4-  4" 

NO  and  0^  .  The  molecular  ion  concentrations  in  the  source  region  are 
not  preserved  at  higher  altitudes  because  of  losses  by  dissociative  re¬ 
combination  and  a  simultaneous  loss  in  production  by  ion-atom  interchange 
and  charge  exchange  reactions  because  fN^]  and  [O2]  decrease  markedly 
with  altitude.  The  longer  it  takes  a  bottomside  depletion  to  move  up¬ 
ward,  the  more  likely  the  elimination  of  molecular  ion  signatures  when 


N 

e 


In  the  case  of  the  475-to-500-km  depletion,  a  vertical  transport  time 
somewhat  greater  than  360  s  would  account  for  the  molecular  ion  deficiency. 
This  estimate  is  based  on  an  instantaneous  displacement  of  the  bottomside 
ion  composition  to  the  475-to-500-km  range  and  a  calculation  showing  that 
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in  about  6  min  the  molecular  ion  levels  would  be  comparable  to  those  in 
the  depletion.  This  time  estimate  would  then  suggest  an  upper  limit  of 
about  b 00  m/s  for  average  vertical  drift  velocity  of  the  depletion.  How¬ 
ever,  the  radar  measurements  showed  the  bubble  was  essentially  stationary 
for  some  time.  Considering  the  short  lifetime  of  N+  in  the  lower-altitude 
region  near  275  km,  it  is  unlikely  that  the  lower-altitude  N+  levels 
could  be  maintained  if  the  source  region  was  at  this  low  altitude  with 
the  bubble  subsequently  rising  to  about  500  km,  even  if  the  upward  drift 
velocity  was  600  m/s.  Further,  the  rN+]  in  the  higher-altitude  hole  is 
somewhat  larger  than  in  the  source  region  [0+]  [0+]  hole.  Although 

the  0+  in  the  source  would  be  preserved  during  the  upward  traversal  time, 
N+  would  not  and  would  certainly  show  a  decay.  This  all  indicates  that 
the  source  region  for  the  475- to-500-km  hole  was  indeed  at  the  ledge, 
but  when  this  ledge  was  at  higher  altitudes  where  the  N+  concentrations 
could  endure.  The  exact  altitude  of  the  ledge  also  depends  on  the  verti¬ 
cal  velocity  of  the  bubble;  a  faster  upward  drift  means  the  bubble  could 
have  initiated  at  lower  heights. 

Meteoric  species  measured  on  PLUMEX  I  are  shown  in  Figure  10.  Iron 
and  magnesium  ions  were  present  up  to  180  km  with  peak  concentrations  of 
up  to  about  100  ions/cc.  Meteoric  ions,  mainly  Mg+,  were  detected  at 
much  higher  altitudes,  but  only  in  concentrations  of  5  to  10  ions/cc. 

Figure  11  shows  the  contaminant  species,  0H+(17)  and  H70+(18), 
which  were  about  one  percent  of  the  total  plasma  density.  The  H.;0+  ions 
are  produced  through  the  rapid  charge  transfer  reaction  of  0+  with  H.,0 
outgassing  from  the  rocket.  This  had  only  a  very  small  effect  on  the 
ambient  species  measurements.  It  is  not  clear  how  the  0H+  ion  was  pro¬ 
duced;  the  0  reaction  with  H70  to  produce  OH^  is  slightly  endothermic. 

Figure  12  presents  the  N0+/0,+  ratio  exhibiting  values  of  10  to  20 
in  the  FI  region  and  rapidly  decreasing  at  the  ledge  to  a  steady  value 
of  1  r  0.2  from  260  to  450  kin. 

Finally,  Figure  U  shows  the  upleg  and  downleg  aperture  current 
measurements.  The  negative  spikes  on  descent  are  the  N.,  gas  bursts  from 
the  attitude  control  system.  Note  that  there  are  several  depletions  seen 
on  downleg  also  and  that  the  ledge  is  about  25  km  lower. 
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SURED  ON  UPCEG.  Mg+  was  also  detected  at  higher 
s  in  the  vicinity  of  4  x  10"  ^  amps. 
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FIGURE  13  A  COMPARISON  OF  THE  ASCENT  AND  DESCENT 
APERTURE  PLATE  CURRENT  MEASUREMENTS 
SHOWING  SEVERAL  DEPLETIONS  PENETRATED 
ON  DESCENT 


309 


B.  PLUMEX  II 


The  PLUMEX  II  payload  was  launched  six  days  later  and  about  2-1/2 
hours  earlier  in  the  evening.  Figure  14  shows  the  altitude-versus-current 
ascent  measurements  of  the  aperture  plate  output  and  the  species,  0+,  N+, 
N0+  and  O^"*".  In  this  flight  the  payload  did  not  separate  from  the  rocket 
motor,  which  rendered  the  attitude  control  system  ineffective.  The  atti¬ 
tude  of  the  vehicle  was  stable  up  to  300  km  above  which  the  angle  of  the 
attack  increased  and  varied  causing  the  modulations  in  the  data.  Never¬ 
theless  the  F-region  ledge  is  now  seen  to  be  near  350  to  360  km.  If  a 
10  m/s  downward  drift  was  still  prevalent,  then  this  ledge  would  appear 
near  that  of  PLUMEX  I  two  and  one-half  hours  later,  the  time  of  the 
PLUMEX  I  launch. 

Figure  15  presents  the  upleg  and  downleg  measurements  of  the  aper¬ 
ture  plate  current.  The  irregularities,  especially  those  of  smaller 
scale  between  350  and  400  km,  cannot  be  explained  entirely  by  vehicle 
aspect  modulations  and  are  probably  real,  representative  of  bottomside 
spread  F.  The  descent  measurements  depict  a  quiet,  unperturbed  ionosphere. 

The  meteoric  species  measured  on  PLUMEX  II  are  shown  in  Figure  16. 
Significant  concentrations  of  iron  and  magnesium  ions  are  seen  in  layers 
up  to  260  km,  about  80  km  higher  than  PLUMEX  I.  These  species  were  per¬ 
haps  moved  to  higher  altitudes  by  earlier  upward  ionospheric  drift  and 
essentially  remained  there  because  the  downward  motion  after  ionospheric 
drift  reversal  did  not  last  long  enough  to  drag  them  to  lower  altitudes. 

All  these  data  are  still  being  reduced  and  analyzed.  Descent  species 
measurements,  current-density  conversions,  and  removal  of  the  aspect 
modulation  in  PLUMEX  II  remain  to  be  performed.  Finally,  these  data 
need  to  be  fit  to  an  F-region  chemical-transport  model  from  which  de¬ 
tailed  irregularities  processes  may  be  determined. 

IV  CONCLUSION 

A  considerable  amount  of  information  on  ionospheric  plumes  and 
processes  can  be  obtained  from  ion-composition  and  structure  measurements 
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FIGURE  15  A  COMPARISON  OF  THE  ASCENT  AND 
DESCENT  APERTURE  PLATE  CURRENT 
PROFILES.  The  descent  profile  depicts  a 
quiescent  ionosphere. 
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FIGURE  16  METEORIC  SPECIES  MEASURED  ON  ASCENT 


during  such  events.  Preliminary  analysis  of  the  results  leads  to  the 
following  comments  and  conclusions: 

(a)  The  measurements  clearly  demonstrated  that  not  all  holes 
contain  enhanced  bottomside  molecular  and  metal  ion 
species,  indeed  none  of  the  holes  had  such  signatures. 

(b)  The  composition  signatures  not  only  proved  that  the 
source  region  of  the  depletion  is  at  or  near  the  F-region 
ledge,  but  also  that  they  can  be  used  to  determine  the 
altitude  of  the  ledge  at  the  time  of  depletion  formation. 

(c)  Evidence  was  presented  from  the  molecular  ion  distribu¬ 
tions  that  showed  a  stable  neutral  atmosphere  in  the 
simultaneous  presence  of  strong  ionospheric  fluctuations, 
suggesting  that  neutral  atmospheric  turbulence  is  not  a 
major  source  of  bottomside  plasma  irregularities. 

(d)  From  the  ion  composition  measurements,  it  is  possible  to 

4 

derive  N^,  0^,  N(  S),  and  NO  neutral  concentrations  as 
well  as  the  atmospheric  neutral  temperature. 

(e)  Utilizing  the  composition  measurements  and  ion  chemistry, 
the  limits  on  bubble  lifetimes  and  rise  velocities  under 
certain  conditions  can  be  estimated. 

(f)  The  in-situ  measurements  along  with  the  radar  measurements 
of  ionospheric  motions  will  allow  a  more  detailed  determi¬ 
nation  of  ionospheric  irregularities  processes  when 
coupled  to  F-region  chemical-transport  model  calculations. 
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ATTN:  C.  Hauer 

IRT  Corp 


ATTN: 

R.  Overmyer 

ATTN: 

R.  Neynaber 

ATTN: 

D.  Vroom 

ATTN: 

J.  Rutherford 

JAYCOR 

ATTN: 

J.  Sperling 

JAYCOR 

ATTN: 

J.  Doncarlos 

Johns  Hopkins  University 


ATTN: 

P.  Komiske 

ATTN: 

T.  Potemra 

ATTN: 

T.  Evans 

ATTN: 

J.  New  land 

ATTN: 

J.  Phillips 
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John  Hopkins  University 
ATTN:  J.  Kaufman 

Kaman  Sciences  Corp 


ATTN: 

D.  Foxwell 

ATTN: 

W.  Rich 

Kaman  TEMPO 

ATTN: 

M.  Qudash 

ATTN: 

M.  Stanton 

ATTN: 

0.  Reitz 

ATTN: 

D.  Chandler 

ATTN: 

J.  Thompson 

ATTN: 

W.  Knapp 

ATTN: 

T.  Stephens 

ATTN: 

W.  McNamara 

ATTN: 

B .  Gamb i 1 1 

ATTN: 

DAS  I  AC 

KMS  Fusion,  Inc 

ATTN:  Library 

Linkabit  Corp 

ATTN:  1.  Jacobs 

Litton  Systems,  Inc 

ATTN:  R.  Grasty 

Lockheed  Missile  &  Space  Co,  Inc 
ATTN:  D.  Divis 


Lockheed  Mi 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 


ssiles  &  Space  Co,  Inc 
J.  Evans 
J.  kumer 
M.  Walt 
R.  Johnson 
R.  Gunton 
R.  Sears 
W.  Imhof 
J.  Reagan 
T.  James 
B.  McCormac 


Lockheed  Missiles  S  Space  Co,  Inc 
ATTN:  D.  Churchill 
ATTN:  Dept  60-12 

University  of  Lowell 
ATTN:  G.  Best 

M.  I  T .  Lincoln  Lab 

ATTN:  D.  Towle 
ATTN:  B .  Watkins 
ATTN:  L.  Loughlin 

M  IT.  Linco] n  Lab 
2  cy  ATTN:  R.  Miller 

Martin  Marietta  Corp 

ATTN:  R.  Heffner 

University  of  Maryland 

ATTN:  Chemistry  Dept.  J.  Vanderslice 

University  of  Massachusetts 
ATTN:  H.  Sakai 


w* 


McDonnell  Douglas  Corp 
ATTN:  0.  Moule 
ATTN:  W.  Olson 

ATTN:  Technical  Library  Services 
ATTN:  G.  Mroz 
ATTN:  N.  Harris 
ATTN:  R.  Halprin 

Meteor  Communications  Consultants 
ATTN:  R,  Leader 

University  of  Minnesota 
ATTN:  J.  Winkler 

University  of  Minnesota 

Morris  Campus 

ATTN:  M.  Hirsch 

Mission  Research  Corp 

ATTN:  V.  Van  Lint 
ATTN :  D .  Archer 
ATTN:  Tech  Library 
ATTN:  F.  Fajen 
ATTN:  M.  Schiebe 
ATTN:  M.  Messier 
ATTN:  R.  Hendrick 
ATTN:  R.  Bogusch 
ATTN:  D.  Sappenfield 
ATTN:  R.  Ki lb 
ATTN:  W.  White 
ATTN:  S.  Gutsche 

Mitre  Corp 

ATTN:  C.  Callahan 
ATTN:  B.  Adams 
ATTN:  G.  Harding 
ATTN:  A.  Kymmel 

Mitre  Corp 

Westagate  Research  Park 
ATTN:  w-  Hall 
ATTN:  M.  Horrocks 
ATTN:  W.  Foster 
ATTN:  J.  Wheeler 

National  Academy  of  Sciences 
ATTN:  J.  Sievers 

State  University  of  New  York  at  Buffalo 
ATTN:  G.  Brink 

Nichols  Research  Corp,  Inc 
ATTN:  N.  Byrn 

Pacific-Sierra  Research  Corp 
ATTN :  F  .  Thomas 
ATTN:  E.  Field,  Jr 
ATTN:  H.  Brode 

Panametrics,  Inc 

ATTN:  B.  Sellers 

Pennsylvania  State  University 
ATTN:  L.  Hale 
ATTN:  J.  Nisbet 

Pennsylvania  State  University 

Ionosphere  Research  Lab 

ATTN:  Ionospheric  Research  Lab 


Photometries,  Inc 

ATTN:  1.  Kofsky 


Physical  Dynamics,  Inc 
ATTN:  E.  Fremouw 

Physical  Science  Lab 

ATTN:  W.  Berning 

Physical  Sciences,  Inc 
ATTN:  K.  Wray 
ATTN:  G.  Caledonia 
ATTN:  R.  Taylor 

University  of  Pittsburgh 
ATTN:  W.  Fite 
ATTN:  F.  Kaufman 

3  cy  ATTN:  M.  Biondi 

Quantum  Systems,  Inc 

ATTN:  S.  Ormonde 

R  &  D  Associates 

ATTN:  R.  Turco 
ATTN:  M.  Gantsweg 
ATTN:  R.  Lelevier 
ATTN:  F.  Gilmore 
ATTN:  W.  Karzas 
ATTN:  W.  Wright 
ATTN:  C.  Greifinger 
ATTN:  H.  Ory 
ATTN:  B.  Gabbard 
ATTN:  P.  Haas 

R  &  D  Associates 

ATTN:  J.  Rosengren 
ATTN:  L.  DeLaney 
ATTN:  B.  Yoon 

Radiation  Research  Associates,  Inc 
ATTN:  N.  Schaeffer 

Rand  Corp 

ATTN:  E.  Bedrozian 
ATTN:  C.  Crain 

Riverside  Research  Institute 
ATTN:  V.  Trapani 

Rockwell  International  Corp 
ATTN:  R.  Buckner 

Rockwell  International  Corp 

Collins  Telecommunications  Sys  Div 


ATTN: 

S. 

Quil ici 

Santa  Fe  Corp 

ATTN: 

D. 

Paolucci 

Science  Appl 

ica 

tions,  Inc 

ATTN: 

C. 

Smith 

ATTN: 

D. 

Kami  in 

ATTN: 

E. 

Straker 

ATTN: 

L  . 

Linson 

Science  Appl 

ica 

tions,  Inc 

ATTN: 

N. 

Byrn 
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Science  Applications,  Inc 

ATTN: 

R.  Johnston 

Science  Applications,  Inc 

ATTN: 

SZ 

Science  Appl ications,  Inc 

ATTN: 

J.  Cockayne 

University 

of  Illinois 

ATTN: 

S.  Bowhill 

ATTN: 

C.  Sechrist 

SRI  International 

ATTN 

V.  Gonzales 

ATTN 

R.  Hake,  Jr 

ATTN 

W.  Chesnut 

ATTN 

T.  SI  anger 

ATTN 

R.  Leadabrand 

ATTN 

G.  Price 

ATTN 

A.  Burns 

ATTN 

G.  Smith 

ATTN 

G.  Black 

ATTN 

A.  Peterson 

ATTN 

V.  Wickwar 

ATTN 

W .  Jaye 

ATTN 

M.  Baron 

ATTN 

D.  Hildenbrand 

ATTN 

0.  Neil  son 

ATTN 

E.  Kindermann 

ATTN 

■  J.  Peterson 

ATTN 

A.  Whitson 

ATTN 

J.  Moseley 

2  cy  ATTN 

R.  Tsunoda 

2  cy  ATTN 

C.  Rino 

2  cy  ATTN 

J.  Petrie kes 

2  cy  ATTN 

R.  Livingston 

10  cy  ATTN 

D.  McDaniels 

SRI  International 

ATTN 

:  C.  Hulbert 

Sylvdni a  Systems  Group 
ATTN:  M.  Cross 
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University  of  Texas  System 
ATTN:  J.  Browne 

TRl-Com,  Inc 

ATTN:  D.  Murray 

TRW  Defense  &  Space  Sys  Group 
ATTN:  J.  Frichtenicht 
ATTN:  Technical  Information  Center 
ATTN:  R.  Plebuch 
ATTN:  D.  Dee 


Utah  State  University 


ATTN 

L. 

Jensen 

ATTN 

J. 

Dupnik 

3  cy  Attn 

K. 

Baker 

University 

Of  V 

rginia 

ATTN 

R. 

Mcknight 

ATTN 

R. 

Ritter 

ATTN 

H. 

Kelly 

Visedyne, 

nc 

ATTN 

H. 

Smi  th 

ATTN 

J. 

Carpenter 

ATTN 

T. 

Degges 

ATTN 

0. 

Manley 

ATTN 

C. 

Humphrey 

University  of  Washington 

ATTN:  Physics  FM15,  K .  Clark 

Wayne  State  University 
ATTN:  R.  Kummler 
ATTN:  P.  Rol 

Westinghouse  Electric  Corp 
ATTN:  P.  Chantry 

William  Marsh  Rice  University 
ATTN:  R.  Stebbings 

William  Marsh  Rice  University 
ATTN:  J.  Chamberlain 


Technology  International  Corp 
ATTN:  W.  Boquist 
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